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ABSTRACT 


In  Chapter  I,  a  brief  discussion  of  the  development  and  sig¬ 
nificance  of  modulation  spectroscopy  is  given. 

In  the  following  Chapters  (I  I  -  V)  the  theoretical  explanation  of 
Electroreflectance  spectroscopy  and  the  connection  between  the  lineshape 
and  the  interband  energy  transition  are  discussed. 

Chapter  VI  is  assigned  for  the  experimental  setup  and  data  gather¬ 
ing  procedures. 

Chapters  VII  and  VIII  contain  the  main  body  of  my  research  where 
the  characterization  of  MCT  and  the  modified  theory  of  electroreflec¬ 
tance  are  discussed  in  detail  and  sample  fitting  for  modified  theory  is 
shown. 

In  Chapter  IX  the  evidence  for  the  change  in  the  type  of  HCT  is  ex¬ 
plained  as  resulting  from  stress.  Chapter  X  is  reserved  for  summary  of 
the  thesis. 
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Chapter  I 


INTRODUCTION 


The  lines  observed  in  the  absorption  and  emission  spectra  of 
nearly  isolated  atoms  and  ions  are  extremely  sharp.  As  a  result,  their 
wavelengths  can  be  determined  with  great  accuracy.  The  large  amount  of 
extremely  precise  spectroscopic  data  for  atoms  and  ions  accumulated  dur¬ 
ing  the  last  century  and  the  early  part  of  the  this  century  has  been  re¬ 
sponsible  for  the  initial  development  and  many  subsequent  refinements  of 
quantum  theory.  Molecular  spectra,  while  usually  less  sharper  than  at¬ 
omic  spectra  are  also  sharp.  Positions  of  spectral  lines  can  be  deter¬ 
mined  with  enough  accuracy  to  check  quantum  mechanical  calculations  of 
the  electronic  structure  of  the  molecules.  By  the  same  token  one  con¬ 
cludes  that  a  study  and  understanding  of  the  optical  properties  of  sol¬ 
ids  would  contribute  to  the  knowledge  of  their  electronic  structure. 

However  it  turns  out  that. due  to  the  high  density  of  solids  broad 
spectra  result  which  provide  less  help  in  understanding  the  electronic 
structure  of  the  solids.  In  other  words  the  spectra  of  reflectance  for 
a  solid  are  broad  and  the  structures  of  reflectance  spectra  are  not 
sharp.  Besides  accurate  reflectivity  measurements  are  somewhat  diffi¬ 
cult  when  you  want  to  scan  long  wavelength  ranges.  Seraphin's  original 
work(l96ii}  on  electroreflectance  in  germanium,  opened  a  wide  field  of 
possibilities  for  studying  optical  structure.  F ig.  (1)  (Aspnes,  I980) . 
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Fif.  I.  A  comparison  of  three  types  of  spectra  from  0-6  eV  for  a  typical  semkonductor,  GaAs.  Top: 
reflectance  R  (Philipp  and  Ehrenrekh  1963);  middle;  energy-derivative  reflecUnce  (Sell  and  Stok¬ 
owski  1970):  bottom;  low-fleM  electroreflectance  (Aspnes  and  Studna  (973). 


Table  I 

Characteristics  of  some  commonly  used  modulation  techniques. 


Technique 

Nature 

Type 

Variable 

Sample 

parameters  alTecied 

Ur>c  shape 
type 

Wavelendlh  modula- 

iH>n  enerty 
derivative  reflectance 

Internal 

Scalar 

Wavelength  A : 
erxergy  6w 

- 

Isl  derivative 

Spectroscopic 

elhpsometry 

Internal 

Scalar 

Wavelength  A : 
energy  Aw 

- 

Absolute 

ComposMion 

modulation 

Internal 

Scalar 

Sample  compared 
to  control  sample 

- 

Complicated 

Thermo  modulation 

Ea(ertu( 

Scalar 

Temperature  T 

Thresholds 

Broadening 
parameters  f 

1st  derivative 

Hydrostatic 

pressure 

Exterrval 

Scalar 

Pressure  P 

Thresholds 

1st  derivative 

Ljfht  rrsodufation 
(Pivot  oreflectance) 
(Photovoltaie) 

External 

Scalar 

or 

tensor 

fniensily  / 
of  secondary 
beam 

Carrier  concentration 
or  surface 
electric  held 

Complicaied 

Unusal 

stress 

External 

Tensor 

Stress  X 

Thresholds 

Matrix  elements 

Isl  derivative 

Electric  Acid 

External 

Tensor 

Fteld  e 

Electron  energy 
£(k) 

)rd  derivative 
(low) 

Franz-Keldysh 

oscillations 

(high) 

Mafneiic  Aeld 

External 

Tensor 

Field  H 

Electron  tnergy 
levels 

Landau 

leveis 

T€chni<f¥4  rtftrtnc4$ 

1.  Sell  (1970)  II.  Sell  (1973) 

2.  Shiklee  and  Rowe  (1970)  '  It  Cardona  (1969) 

J.  Sbeo  (I97J)  IJ.  Balficv  (1972) 

4.  Aaum  and  Baahara  (1977)  Id.  EIccirolylc:  Cardona  cl  al.  (1967) 

5.  Aspnes  and  Haugc  (1976)  l5-  MOS:  Fischer  (1971) 

6.  McNatt  and  Handler  (1969)  16-  Scholiky  bonier:  Sludna  (197$) 

7.  Holbrook  and  Hummel  (197))  |7.  Transverse:  Rehn  (197)).  Forman  cl  al.  (1970) 

1.  Ball  (1972)  ll  Eleciroabsorpiion:  Frova  and  Handler  (196$) 

9.  Martinez  (1979)  |9.  Aggarwal  (1972) 

10.  Waof  e(  al.  0967)  20-  Hense)  and  Suzuki  0974) 
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Table  I 
(continued) 


Pnncip4i  taitipk  Techn.  Theory 

parameters  measured  Prttscipai  advaeiato  Applicability  Diiadvattuccf  reft.  reft. 


E..r 

Universal  applicability 
Minimal  sample  prepare* 
lion.  East,  conveiuenl 

Any  material 

Measurement  system  can 
generate  tntnnsic  structure 
not  easy  to  eliminate 

1.].] 

1.2 

Dieiccine  fuisctioo 

As  energy  denvative 
reflectance  but  on 
«i.e«  directly 

Any  material 

Strongly  influenced  by 
surface  preparation  and 
thin  films 

4.S 

3 

Doping,  alloyini 
effects 

Obtains  differences  for 
parameters  impossible 
to  vary  cyclically 

Any  material 

Two  sampies/beam  motion 
involved:  alignment  and 
surface  preparation  critical 

d.7 

4 

£..r 

d£^dr 

dHdr 

Wide  applicability: 
identifies  Fermi  level 
transitions  m  metals 

Any  material 

Stow  response  (l>40  Ha) 
Broad  spectra 

1 

5.6.7 

Deformation 

potentuis 

Any  material 

Cannot  be  modulated; 
must  be  used  in  contuncuon 
with  another  technique 

9 

1 

Convenient:  minimal 
sample  preparatton 
required 

Any  material 

Effect  on  material  usually 
not  well  defined 

10 

9 

E,.r 

Symmetries 

Deformatioa 

potentials 

Symmetry 
deter  minatioti 

**Hard**  materials 

DiMculi  to  modulate 

Umited  to  high 
fraeiure/yicid  stress 
nutenaJs 

II.  12. 

13 

10,11, 

12.13 

E,.r 

Effective  masses 
Symmeines 

Impurity  con* 
coftccntrationt 

Very  high  resolution. 

Only  high-resiMutioii 
technique  usable 
in  vuv 

Semiconductors 
and  insulators 

Requires  certain  resistivity 

ranges 

U.I5. 

10. 17. 

II 

14, 15, 
16.17 

£|.  effective 
masses 

Catrcmely  h^ 
resolutioti 

Any  material 

Advantages  rcaliaed  only 
for  lower  conduction 
band  minima 

».» 

It,  It 

Thfcry  re/erencef 


Cardona  <19661 

II.  Cvdofia  11969) 

Ball  <19731 

12.  Poliak  (1975) 

Alum  and  Bashara  fl977) 

13.  Bals)cv(|972> 

Holbrook  and  Hummef  fl973) 

14.  Ijow  fields:  Aspnes  and  Siudna  (1973) 

Cardona  <  1969) 

15.  High  field;  Aspnes  el  al.  (1961) 

Ball  11972) 

16.  Symmetry:  Botika  and  Fisclicr  (1971) 

Cohen  <1979) 

17.  Eleciroabsorption:  Blossey  and  Handler  ( 1972) 

Martinei  <19791 

II.  Atiarwal  ( |973) 

Cardona  <19701 

19  Suauki  and  HenscI  (1974) 

Kane  <1961) 
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It  became  clear  as  a  result  of  this  work  that  fairly  sharp  structure 
could  be  obtained  by  measuring  the  derivative  of  R  with  respect  to  some 
external  parameter,  such  as  applied  electric  field  instead  of  the  re¬ 
flectivity  R.  This  technique  modulates  the  reflectance  of  a  sample  ei¬ 
ther  through  a  periodic  change  of  such  external  parameters  as  electric 
field,  pressure,  or  temperature  (external  modulation),  or  through  the 
change  of  such  measuring  system  parameters  as  wavelength  (internal  modu¬ 
lation).  Table  (1)  (modulation  techniques)  (Aspnes,  I98O) .  Since  the  sig¬ 
nal  for  modulation  spectroscopy  is  small  phase  sensitive  detector  is  re¬ 
quired,  a  fact  that  delayed  modulation  spectroscopy  until  the 
full-fleged  development  of  electronics. 

The  phase  sensitive  detection  technique  allowed  experimentalists  to 
observe  small  changes  in  the  optical  properties  of  crystals  induced  by 
electric  fields  and  other  perturbations.  Band  structure  calcula¬ 
tions  (wnich  were  also  at  developing  stages  at  that  time)  indicated  the 
possibility  of  associating  these  small  changes  with  perturbation- induced 
effects  at  specific  points  in  the  Brillouin  zone.  As  a  result,  it  was 
thought  that  modulation  spectroscopy  could  be  used  to  probe  the  energy 
band  structures  of  crystals. 

At  first  reflectivity  experimemts  were  used  to  test  or  verify  the 
predictions  of  band  structure  calculations  of  the  interband  transition 
energies  at  critical  points  of  the  Brillouin  zone.  However  it  became 
increasingly  clear  that  a  higher  resolution  experimental  method  was  de¬ 
sirable.  Following  the  pioneering  work  of  Seraphin  (1984)  and  of  Cardo- 
na(1989)>  the  explosive  development  of  modulation  spectroscopy,  coupled 
with  rapid  advances  in  band-structure  calculational  techniques,  assured 
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rapid  progress  in  the  understanding  of  the  electronic  properties  of  sem¬ 
iconductor  crystals. 

The  primary  methods  of  modulation  spectroscopy  have  been  electrore¬ 
flectance.  photoreflectance,  piezoreflectance,  thermoreflectance  and 
wavelength  modulation.  Because  it  yields  the  sharpest  spectra  of  any 
modulation  techniques,  electroreflectance  (ER)  has  been  and  still  is  the 
most  widely  used  technique,  particularly  in  its  remarkably  simple  low- 
field  electrolyte  electroreflectance  (EER)  version.  The  extensive  ex¬ 
perimental  and  theoretical  work  of  Aspnes  and  coworkers  has  played  a 
cental  role  in  the  understanding  of  the  physics  of  ER.  Following  the 
Franz-Keldysh  (1958)  approach  Aspnes  has  provided  the  most  lucid  and  com¬ 
prehensive  study  of  the  effects  of  an  applied  electric  field  on  the  op¬ 
tical  properties  of  a  perfect  crystal.  Assuming  that  the  only  signifi¬ 
cant  effects  of  the  electric  field  are  to  break  the  translational 
symmetry  of  the  unperturbed  crystal  and  to  accelerate  the  electron-hole 
pair  produced  by  the  absorption  of  a  photon,  he  found  theoretical¬ 
ly  (1973)  that  in  the  low  field  regime  the  difference  between  the  dielec¬ 
tric  function  of  a  crystal  submitted  to  an  electric  field  and  the  unper¬ 
turbed  dielectric  function  is  proportional  to  the  third  derivative  with 
respect  to  energy  of  a  linear  combination  of  the  real  and  imaginary 
parts,  61  and  62,  of  the  unperturbed  dielectric  function  6(E)  and  is 
proportional  to  the  square  of  the  electric  field. 

Because  ci  and  62  can  be  measured  by  automatic  spectroscopic  ellipso- 
metry(ASE),  it  is  possible  to  check  this  theory  by  computing  numerically 
from  ASE  data  the  third-derivative  lineshape  (TDL)  which,  according  to 
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^  the  theory,  should  be  proportional  to  the  ER  spectrum.  For  relatively 
defect-free  surfaces  of  centrosymmetr ic  semiconductors,  the  experimental 
ER  spectrum  has  been  found  to  be  quadratic  in  to  be  proportional  to 
the  TDL  obtained  from  ASE  data,  verifying  the  predictions  of  the  theory. 

Aspnes  also  derived  (1973  )  within  the  parabolic-band  approximation  a 
functional  representation  for  the  ER  signal  which  yields  remarkably  good 
fits  to  all  low-field  ER  spectra  obtained  from  high-quality  centrosymme- 
tric  crystals.  That  representation  has  been  extremely  useful  because  no 
single  feature  in  an  ER  spectrum  can  be  unambiguously  related  to  a  crit¬ 
ical-point  interband  transition  energy,  Ej.  Thus,  in  order  to  obtain 
an  accurate  value  for  Ej  one  must  fit  the  entire  experimental  spectrum 
in  the  vicinity  of  Ej  to  a  parametrized  theoretical  lineshape  of  which 
Ej  is  only  one  of  the  parameters. 

With  time,  interest  in  the  properties  of  the  ternary  and  quaternary 
semiconducting  alloys  has  been  increased  greatly,  and  the  relationship 
between  the  alloy  composition  x  and  the  values  of  the  transition  ener¬ 
gies  Ej  has  received  considerable  attention,  primarily  for  experimen¬ 
tal  reason.  In  the  absence  of  phase  transitions,  immiscibi 1 i ty  regions 
and  direct-gap/indirect-gap  transitions  the  Ej  can  be  represented 
rather  accurately  by  quadratic  expressions  of  the  form  Ej  ■  a  +  bx  + 
cx*.  Such  a  simple  relationship  permits  one  to  compute  easily  the  alloy 
composition  x  as  a  function  of  the  experimentally  determined  value  of 
Ej.  In  addition,  by  etching  in  controlled  steps  it  is  possible  to 
profile  the  alloy  composition  of  an  epitaxial  layer  with  a  high  depth 
resolution  since  the  choice  of  a  convenient  interband  transition,  such 
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as  E],  which  is  in  the  visible,  assures  that  for  most  semiconductors 
the  light  penetration  will  be  no  greater  than  300  to  600  A. 

The  parameters  for  quadratic  relationship  between  alloy  composition  x 
and  interband  transition  energy  E|  have  been  determined  numerous  times 
for  MCT.  But  the  published  values  do  not  agree  one  another.  Therefore 
establishing  good  parameter  values  for  the  quadratic  eqution  is  one  of 
my  most  important  contributions  to  profile  MCT.  Another  job  is  calibra¬ 
tion  of  etching  rate  for  MCT  by  Br/Met. 

Electrolyte  electroreflectance  has  also  proven  to  be  very  useful  as  a 
characterization  technique  in  assessing  the  quality  of  semiconductor  al¬ 
loys  grown  either  in  the  bulk  or  by  epitaxy.  However,  the  systematic 
use  of  lineshape  fitting  rapidly  showed  that  for  samples  rich  in  defects 
the  lineshape  was  unusually  broad  and  that  in  such  cases  the  functional 
form  derived  by  Aspnes(l973)  could  be  fit  satisfactorily  to  the  EER  data 
only  close  to  a  critical  point  energy.  This  observation  coincided  with 
the  observation  of  discrepancies  between  the  linewidth  measured  by  fit¬ 
ting  the  EER  data  and  that  measured  by  fitting  the  numerical  third  de¬ 
rivative  of  the  dielectric  function  obtained  by  ASE.  These  discrepan¬ 
cies  contradicted  the  fundamental  result  of  Aspnes  that  the  EER  signal 
should  be  proportional  to  the  third  derivative  of  a  linear  combination 
of  the  real  and  imaginary  parts  of  the  dielectric  function.  Thus,  they 
led  us  to  reconsider  the  theory  of  ER  and,  in  particular,  to  generalize 
the  theory  in  such  a  manner  as  to  take  into  account  the  effects  of  the 
coupling  of  the  modulating  electric  field  to  defects.  The  generalized 
theory  has  terms  which  are  proportional  to  first  and  second  derivatives 
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of  c (E)  as  well  as  the  usual  third  derivative  term  found  by  Aspnes.  The 
amplitudes  of  these  new  terms  were  found  to  be  approximately  proportion¬ 
al  to  the  density  of  extended  defects  and  the  density  of  point  defects, 
respectively.  The  use  of  the  new  theory  in  fitting  the  data  yields  a 
measure  of  the  relative  densities  of  different  types  of  defects  in  dif¬ 
ferent  samples. 

By  coupling  photoemission  with  EER  studies  it  was  possible  to  analyze 
the  response  of  HCT  to  mechanical  shock,  and  conclude  that  under  the 
stress,  mercury  tends  to  migrate,  at  least  in  part,  via  charged  defects 
conferring  an  n  character  to  the  material. 
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Chapter  1 1 

ELECTROREFLECTANCE  (ER) 

Electroreflectance  (Electric  field  modulation)  has  become  the 
most  popular  of  all  modulation  techniques,  due  to  the  simplicity  of  the 
LcR  (Electrolyte  Electroreflectance)  which  is  also  the  method  employed 
in  this  work.  The  theoretical  groundwork  for  this  type  of  modulation 
was  done  by  Franz  and  Keldysh (1958) (hence  the  name  Franz-Keidysh  ef¬ 
fect)  and  extended  by  Cal  1  away  (1963,  1961*) ,  Tharmal  i ngam  (1963)  and 

Aspnes  (1988)  . 

2 . 1  PHENOMENOLOGICAL  DESCRIPTION  OF  ELECTROREFLECTANCE  ( ER) 

The  relative  modulation  ^/R  (^  is  a  modulated  reflectance) 
impressed  onto  the  reflected  beam  of  intensity  R  is  the  basic  quantity 
measured  in  electroreflectance.  Before  we  try  to  connect  ^/R  with 
ci(rea1  part  of  the  dielectric  function)  and  c?  (imaginary  part  of  the 
dielectric  function)  we  must  make  an  assumption  about  the  manner  in 
which  the  modulation  parameter  affects  the  sample.  In  the  most  simple 
case,  we  can  assume  that  the  modulation  induces  a  homogeneous  change  in 
the  optical  constants  ci  and  (7.  The  reflecting  surface  is  then  a  dis¬ 
continuous  interface  between  two  media  that  are  homogeneous  throughout 
at  given  time.  Piezoreflectance  (uniaxial  stress  modulation)  and  ther¬ 
moreflectance  (heat  pulse  modulation)  can  probably  be  treated  in  this 


manner 
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In  electroreflectance,  the  situation  can  be  more  complicated.  The 
ratio  of  field  penetration  to  light  penetration  governs  the  use  of  ei¬ 
ther  of  two  different  approaches.  If  the  light  penetrates  little  com¬ 
pared  to  the  electric  field,  we  can  consider  the  medium  homogeneously 
affected.  If,  however,  the  light  penetrates  much  further  than  the  elec¬ 
tric  field,  it  encounters  a  medium  of  variable  optical  properties  on  its 
way  in  and  out  of  the  surface. 


2.2  NORMAL  INCIDENCE  ^  THE  INTERFACE 

The  reflectance  for  light  impinging  at  normal  incidence  onto 
an  ideal  solid  surface  can  be  derived  simply  from  a  consideration  of  the 
boundary  conditions  for  E  and  H  at  the  interface.  At  the  interface  we 
can  wr i te 


Ej  +  Er  -  Et  (1) 

where  subscript  i,  r  and  t  represent  respectively,  the  incident,  re¬ 
flected  and  transmitted  waves  at  the  interface.  Similar  equations  hold 
for  H,  but  with  a  change  in  sign  for  H^. 

Hj  -  Hr  -  H^.  (2) 

In  the  vacuum,  E  ■  H,  whereas  in  the  medium,  n  is  a  complex  refractive 
i ndex. 


H  -  (n/M**)E. 


(3) 
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Therefore  when  we  use  Eq.  (3)  Eq.{2)  becomes 

Ej  -  Er  -  nEt  (4) 

where  the  permeability  /i  has  been  taken  as  a  unity.  Eqs.(1)  and  (4)  are 
easily  solved  to  yield  a  reflectance  wave  amplitude 

r  -  Er/Ej  -  (1  -  n)/(l  +  n)  .  (5) 

The  reflectivity  is  then  given  by 

R  .  -I  (I  .  ;)/(!  +  n)  |2  -[(1  -  n)2  +  *2]/[(l  +  n)  2  +  -r2]  .  (g) 

From  the  relation  t  ■  <i  +  i€j  ■  (n  +  i<c)*  for  the  nonmagnetic  materi¬ 
als. 


f2  ■  2nK  . 


If  we  solve  Eqs.  (7)  and  (8)  for  n  and  k  we  get 


n  -  {l/2[(<?  +  +  e,])^ 


(7) 

(8) 

(9) 


K 


{l/2[{e?  +  -  €,])%. 


(10) 
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2.3  HOMOGENEOUS  MODULATION  ^  THE  REFLECTING  MEDIUM 

We  assume  here  that  the  dielectric  function  «  ■  «i  +  iei  of 
the  reflecting  material  is  uniformly  changed  by  the  modulation  by  the 
amounts  Ac  i  and  Ac  2. 

The  reflecting  surface  then  establishes  a  discontinuous  interface 
between  two  different  but  homogeneous  media  for  which  Fresnel's  reflec¬ 
tion  equation  applies.  For  normal  incidence  of  light,  it  has  the  form 


R  -  [(«^  +  <5)^^  -  (2<,  +  2(<^+  +  1  ] 

(11) 

/iU]  +  4)^  +  {2«,+  2(«?  +  +  1  ]. 

Its  total  differential  with  respect  to  ei  and  <2  provides  a 

gical  description  of  the  reflectance  modulation. 

phenomenolo- 

AR/R  •«(<!,  «2)^«1  +  3(€],  *2)^2 

(12) 

where 

a  ■  2y/ +  6^) 

(13) 

3  -  25/ (>2  +  62) 

(IM 

Y  -  n(n2  -  3*2  -  nQ)/nQ 

(15) 

i  "  K  (3n2  -  *2  _ 


(16) 
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where  no  is  the  refractive  index  of  the  nonabsorbing  medium  of  incidence 
and  K  satisfies  the  relation  -  n  +  Ik. 


2.4  INHOMOGENEOUS  MODULATION  OF  THE  REFLECTING  MEDIUM 

For  electroreflectance  where  the  spatial  variation  of  electric 
field  over  the  penetration  depth  of  the  light  can  be  considerable  the 
changes  of  dielectric  constants  due  to  the  electric  perturbation  cannot 
be  assumed  to  be  homogeneous  always. 

We  assume  a  semi -i  nf  i  ni  te  dielectric  -••  <  z  <  (subscript  s 
stands  for  surface)  in  which  the  dielectric  function  c  <■  ei  +  ici  is 
perturbed  by  a  z-dependent  change  Ac  (z)  -  Aci(z)  iAcjCz)  that  is  small 

and  disappears  at  large  distances  into  the  medium  so  that  |Ac  (z) |  <  |e| 
and  I  im2.».,.|Ae  (z)  I  ■  0.  The  effect  of  Ac  (z)  upon  wave  propagation  of 
an  electric  field  of  magnitude  C  in  the  dielectric  can  be  approximated 
by  a  trial  solution 

E(z)  ■  ioexpCi{-Kz  +  ^(a))]  (17) 

of  the  wave  equation,  where  ^(z)  is  a  complex  z-dependent  phase  and  K  is 
the  unperturbed  propagation  constant. 

Neglecting  terms  of  second  order  in  Ac (z)/c,  the  relative  change  in 
reflectance  can  be  written  (0*  is  the  derivative  of  4>)  as 

AR/R  -  {R(<^')  -  R(0))/R(0)  -  a  <^t^>  +  3  <Ae2>,  (18) 


where 
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<A<>  ■  <Ae)>  +  i<Ae2>  ■  -2iKe^'*^^/5Vidz'e“^'*^*'A<  (2')  (19) 

where  a  and  3  are  the  fractional  coefficients  defined  in  Eqs.  (I3)  and 
(14) .  In  Eq.  (19)  the  frequency  dependence  of  Ae(z')  is  independent  of 
z'  so  that  the  whole  effect  of  an  inhomogeneous  electric  field  is  just 
to  multiply  Ae  (2-O)  by  a  complex  constant. 


16 


Chapter  I i i 

THEORETICAL  CONCEPTS  IN  ER 


The  rich  trace  of  structures  in  dR/R  compared  with  reflectance 
R  can  be  explained  theoretically  following  the  theory  developed  by 
Aspnes  et  a1  (1972a, b) .  The  effect  of  a  uniform  field  on  the  electron- 
dependent  properties  of  a  crystalline  solid  is  described  in  the  one-e¬ 
lectron  approximation  by  the  solution  to  the  time-dependent  Schrodinger 
equation 


[Hq  +  eE.r]^(r,t)  ■  ifia'i'(r,t)/(it)  (20) 

where  Ho  is  the  unperturbed  Hamiltonian  defined  as  Ho  (r)  ■ 

(-■R*/ (2m) )7*p  +  V(r),  'l'(r,t)  is  the  one-electron  wave  function  of  the 

system,  and  T  is  the  constant  electric  field. 


3.1  INTERACTION  OF  LIGHT  WITH  HATTER 

In  order  to  link  the  theory  to  experiment  we  first  consider 
the  interaction  of  light  with  matter.  There  are  several  different  for¬ 
malisms  which  may  be  used  to  describe  this  interaction  in  terms  of  the 
properties  of  the  wave  function  of  a  solid,  for  example  the  standard 
perturbation  theory  approach  used  by  Seitz  or  Pines,  the  Kubo  formalism 
or  various  Green's  function  techniques.  We  outline  here  the  perturba- 


17 


tion  theory  approach,  which  has  been  used  predominently  in  the  calcula¬ 
tion  of  electric  field  effects. 

As  usual,  the  medium  is  assumed  to  be  infinite,  isotropic  and  homo¬ 
geneous.  An  electromagnetic  wave  propagating  in  this  medium  can  be  de¬ 
scribed  by  its  field  f(r,t)  or  its  vector  potential  A(r,t).  These  quan¬ 
tities  are  related  by  the  equation  P(r,t)*  (-1/c)  (a/&t)  A  (r , t)  in  the 
Coulomb  gage.  Since  the  wavelength  of  the  propagating  wave  is  much 
larger  than  the  atomic  dimensions  of  the  system,  it  is  reasonable  to  use 
macroscopic  forms  of  Maxwell's  equations. 

For  an  electrically  neutral  solid  with  no  external  current  flow, 
the  Fourier  transforms  of  D(r,t)  (the  electric  displacement),  the  applied 
electric  field  E(r,t),  current  density  J(r,t),  and  polarization  P(r,t) 
are  related  (by  definition)  as 

D(k,w)  «  E(k,t.»)  +  4irP(k,w)  (21) 
■  E(k,«)  +  (i  l«7r/ci>)  J  (k,(i>}  . 

For  sufficiently  weak  fields,  the  current  term  J(ir,  w)  will  depend  lin¬ 
early  on  r(k,(<>)  in  the  random-phase  approximation  and  Eq.(21)  can  be 
written  (in  the  linear  optical  and  random-phase  approximation)  as 

D(k,w)  -  €  (k,w)  .E  (k,w)  .  (22) 

The  tensor  7(k,(o)  relating  ?  and  f  in  Eq.  (22)  is  defined  to  be  the  die¬ 
lectric  function.  The  importance  of  the  dielectric  function  is  that  it 
completely  describes  wave  propagation  in  the  medium  on  the  macroscopic 
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scale.  By  matching  the  boundary  conditions  among  incident,  reflected, 
and  transmitted  wave  at  an  interface  of  the  medium  with  another,  the  re¬ 
flectance  R  and  transmittance  T  may  be  expressed  in  terms  of  it.  The 
properties  of  the  solid  enter  through  the  source  term  (4jri/w)  J  (f,  w)  in 
Eq.  (21)  ,  and  e(k,a))  is  calculated  by  evaluating  the  Fourier  transform  of 
the  spectral  average  of  the  microscopic  current  operator  J(r,t)  to  terms 
linear  in  the  electromagnetic  wave  perturbation  A(r,t)  or  E(r,t),  using 
the  wave  functions  of  the  system.  The  microscopic  current  operator  is 
(-  e)  times  the  probability  current  density  of  quantum  mechanics,  or 

J(r,t)  ■  (ieh/ (2m) )  -  (e^A/ (me) ) (23) 

where  'i'  ■  ^(q,r,t)  represents  a  one-electron  state  of  quantum  number  q 
which  is  a  solution  of  the  perturbed  Schrodinger  equation 

[l/(2m)  (p  +  eA(r,t)/c)2  +  V (r , t) ]^(q,r , t) -ifi  (B/ (Bt) ) ’i'(q,r , t)  (24) 

Although  other  vector  potentials  may  be  included  in  the  Hamiltonian 
operator  of  Eq.(24),  we  show  explicitly  only  the  vector  potential  of  the 
(real)  traveling  wave 

A(r,t)  ■  eA^cosdc.r  -  «t)  (25) 

with  polarization  vector  e  i  k.  In  the  linear  optical  approximation, 
only  terms  to  first  order  in  X  are  kept  and  the  wave  function  ’i'(q,r,t) 
may  be  calculated  to  first  order  in  X  in  terms  of  the  complete  set  of 
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eigenfunctions  ^'o(q,r,t)  of  Eq.  (24)  with  A  ■  0.  The  dipole  approxima¬ 
tion  where  the  spatial  dependence  of  A  i s  neglected  is  used. 

If  the  eigenstate  ^o{q,r,t)  represents  a  stationary  state  of  a 
t ime- i ndependent  Hamiltonian,  the  time  dependence  can  be  separable  and 
the  dielectric  function  may  be  easily  evaluated  in  general  form.  The 
first-order  corrections  linear  in  A  are  calculated  for  the  wave  func¬ 
tions  ^o{q,r,t)  by  standard  time-dependent  perturbation  theory.  The  cur¬ 
rent  operator  is  evaluated  with  these  wave  functions  to  terms  linear  in 
A.  By  taking  the  Fourier  transform  of  the  resulting  expression  and  us¬ 
ing  Eqs.(2l)  and  (22),  we  have  the  expression  (for  an  isotropic  crystal) 

<  (a»)  ■  <^(a»)  +  1*2(0)  (26) 

-  I  -  4ire2/ (mw^V)  X^<N  (q)  >  +  Aire^/ (m2a)2fiV)2^qi  |e.Pqqi  p 

X  <N(q)>[l  -  N  (q')  ]  {2Pwgi^/ («^i  jj  -  «  )  +  lir[5(wgig  -  u) 

-  3  («q  I  ^  +  «)  ]  }  , 

where  <i(w)  and  <2(0)  are  the  real  and  imaginary  parts  of  e  (u)  ,  V  is  the 
crystal  volume,  represents  the  energy  difference  between  the 

states  q'  and  q 

Eqig  -  Eqi  -  Eg,  (27) 

where  ^q<q  is  the  momentum  matrix  element  taken  between  constant  ener¬ 
gy  states, 

Pq'q  “  <^(q' .r)  I  (fi/i)7p|^(q,r)>. 


(28) 
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P  means  the  principal  value,  and  <N  (q) >  represents  the  occupation 
probability  of  the  state  q 

<N{i)>  -  [1  +  exp((Eg  -  EF)/(kT))]"1  (29) 

where  Ep  is  Fermi  energy  and  <N(q)>  describes  the  Pauli  exclusion 
principle  and  must  be  added  as  an  ad  hoc  correction. 

It  is  convenient  to  separate  the  real  part  e i (w)  into  the  Kramers- 
Kronig  transform  of  the  imaginary  part  and  a  remainder  proportional  to 
fa)"*,  which  gives  the  interband  contribution  to  the  plasma  term.  Since 

(“^'q  "  -  [(fa>^>g)  (fa>^iq  -  fa>^)]"^  +  (faj^.^^);!  (30) 

Eq.  (26)  can  be  written  as 

«  (fa))  ■  1  -  fa)2/fa)2+  (We^)  /  (m^fiV)  2q»q|e.Pqi^|2<N  (q)>[l  -  (3I) 

<N(q')>]  X  {2PCfa)^i^  (fa)^iq  -  <1)^)]“^  +  i7r/fa)2[i  (w^,-  -  «) 

-  5  (fa»q  I  ^  +  fa))  ]  }  , 

where  the  plasma  frequency  is  given  by 

a)J  -  ((We2)/(mV))2^^<N(i)>{l  -  2:^.2[le.P5.ql2  (i  -  <N(i')>)]  (32) 


/mfifa)^!^) }  . 


21 


As  an  example,  the  dielectric  function  of  an  insulator  in  which  the  con¬ 
stant  energy  eigenfunctions  are  of  Bloch  form  is  given  by 

<l(a,)  +  itjM  -  1  +  '♦TreVCm^fi)  ((2/(27r)3)r/g2d3k|^.Pn.„(k)  |2(33) 

X  {2P[(a,n.n(k))  ("^•n(k)  - 

+  i  ir/ {«2)  [5  (k)  ~  lu)  -  5{wpi^(k)  +  w)]} 

where  the  quantum  numbers  q  are  now  the  wave  numbers  k  and  band  indices 
n,  Pp,ip|(k)  is  the  matrix  defined  as 

/yd3rd)j(l[<k,r)  Pd>n  (k.r)  ■  ^k'k^n'n^’^^  (3'*) 

where  p«(Vi)^,  ^f,{k.r)  ■  exp(ik.r)u„(ir,r)  (Bloch  function)  and 

Pn.n(k)  -  N/j2d3rUfi(k.r)pUn(k,r)  (35) 

where  N  ■  V/fi,  Q  ■  unit  cell  volume. 

En.n(k)  -  fiu,n.n(k)-  E^.  (k)  -  E^dT)  (36) 

is  the  interband  energy  separation,  the  sum  of  k  over  the  Brillouin  zone 
has  been  replaced  with  an  integral  as 


2k  [V/(2ir)3]  /g2d3k 


(37) 
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and  a  factor  of  2  has  been  included  for  spin  degeneracy.  The  bands  are 
assumed  to  be  either  completely  filled  or  empty,  so  Wp  ■>  0. 

We  now  indicate  the  connection  of  the  dielectric  function  to  exper¬ 
iment.  Since  the  dielectric  function  determines  the  propagation  of  an 
electromagnetic  wave  in  a  medium,  it  determines  the  energy  loss  per  unit 
length,  and  also  the  reflectivity  by  imposing  boundary  conditions  on  the 
surface.  The  solution  of  the  one  dimensional  Maxwell  equation  for  a  mo¬ 
nochromatic  transverse  wave, 

[V^  +  {a)/c)2«  (a,)]E(r.t)  -  0.  (38) 

where  E  (r , t) *eEoexp (i k . r  -  iwt)  gives  the  relation  between  e (w)  and  the 
complex  propagation  vector  k  of  the  wave  in  the  solid 

(c/<i>)(k(  ■  C<(w)]^  ■  n(w)  +  ix(«).  (39) 

Equation  (39)  defines  the  refraction  and  absorption  indices  n  and  k,  re¬ 
spectively.  Calculation  of  Poynting  vector  gives  the  attenuation  in 
terms  of  the  absorption  coefficient 

a  ■  wc  2  (w)  /  (nc)  .  (1|0) 

In  modulation  experiments  changes  are  induced  in  the  dielectric  function 
(we  take  the  perturbation  to  be  a  function  of  an  external  electric  field 

f), 

A((<ti,E)  ■  c(<o,E)  -  e(ci>,0)  ■  Acf  (<<;,£)  +  iAe2(«’fE) 


(41) 
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therefore  changes  are  also  induced  in  the  reflectance  and  absorption  and 
can  be  described  by  the  equation 

^(w«E)/R  ■  a  (w)  Ac  ^  (o),  E)  +  3  (w)  Ac2  ((•>,  E)  .  (I»2) 

3.2  CRITICAL  POINT 

The  dielectric  function  of  a  periodic  crystal  exhibits  fea¬ 
tures  that  are  due  to  the  topological  properties  of  the  continuous, 
periodic  eigenvalues  Ep{k)  which  describe  the  energy  of  an  electron  in 
the  Bloch  state  d>n(k,r).  These  appear  most  clearly  in  C2  where  the  6 
function  causes  singularities  at  certain  points  in  the  Brillouin  zone, 
so  called  "critical  points,"  where  the  gradient  of  the  interband  energy 
vani shes  (i .e.  the  constant-energy  surfaces  are  parallel).  The  mathe¬ 
matical  expression  is 

’k^n'  -  Er)  -  0-  (‘3) 

A  vanishing  of  the  interband  gradient  can  occur  in  four  topologically 
distinct  ways  between  two  nondegenerate  bands:  at  a  maximum,  at  a  mini¬ 
mum,  or  at  either  of  two  types  of  saddle  points.  These  singularities 
are  extremely  important  from  an  experimental  point  of  view,  since  the 
dominent  perturbation- i nduced  changes  in  the  dielectric  function  occur 
in  the  vicinity  of  these  points.  To  show  these  singularities  explicit¬ 
ly,  we  transform  the  imaginary  part  of  Eq.  (33)  associated  with 
j[a)pip(k)  -  o)]  from  a  volume  integration  in  k  space  to  a  surface  inte¬ 
gration  using  the  coordinate  transformation 
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d3k  -  dEdS„,„/l7|;E„,„(k)|  (U) 

where  represents  an  element  of  area  of  the  constant  interband 

energy  surface  E^ip(k)  ■  E  in  k  space,  and  dE  is  the  energy  increment 
in  that  space.  The  result  is 

<2{“)  ■  ^^n' n^^/ n-^En' n*^^  n  ^**5) 

/l^fEn' n  (i^)  I  X  ^^^n'n  ~  • 

Using  the  properties  of  the  6  function  and  assuming  the  momentum  matrix 
element  to  vary  slowly  with  k,  we  obtain 

<2(")  ■  ^27re/m4o)  22^in|e.Pnin|2jnir,(a>)  (46) 

where 

Jn-n(«)  -  2/(2^)3/5dS/|V;jCE„.(k)  -  (47) 

is  the  joint  densi ty-of-states  for  interband  transitions.  The  singular¬ 
ities  of  critical  points  in  <2  or  in  the  joint  densi ty-of-states  are  now 
evident:  they  occur  where  the  gradient  of  interband  energy  vanishes, 
i.e.,  when  Vj^CE^i  (k)  -  Ep(k)]  -  0.  The  four  types  of  nondegener¬ 
ate  critical  points  can  be  explicitly  shown  by  expanding  the  interband 
energy  as  a  function  of  wave  vector  about  the  critical  points  in  a 
power  series 

En'nW-  E„.„(kc)  +  '/2Sijj2E„,„/8ki9kj||;.i(j<  -  k^)  ,  (k  -  k,)j(l.8) 
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where  summation  indices  i,  j  represent  the  coordinate  axes  x,  y,  z. 
Since  the  gradient  vanishes  at  the  critical  point  itself,  an  expansion 
about  this  point  has  no  terms  linear  in  wave  number,  and  only  the  con¬ 
stant  and  quadratic  terms  appear  in  the  parabolic  approximation.  In  the 
language  of  analytic  geometry,  Eq.  (48)  describes  a  constant  energy  sur¬ 
face  in  the  vicinity  of  k^.  The  expansion  coefficients  can  be  rewrit¬ 
ten  in  the  coordinate  system  which  diagonalizes  Eq.  (48) , 

Enip(k)  «  E„ip(kg)  +  +  (ky-  kyg)  ^//ty  (49) 

+  (kj  -  k2c)^/M2] 

where  we  define  the  reduced  mass  Mi  as 

l/Mi-l/m|i  +  -  ]/fthhf^/bk},  i-x,y,z,  (50) 


and  where  m^*  and  m^*  are  the  effective  masses  of  the  electron  and 
hole,  respectively.  A  positive  reduced  mass  thus  corresponds  to  a  mini¬ 
mum  in  energy  along  that  particular  direction,  and  a  negative  mass  cor¬ 
responds  to  a  maximum. 

Since  there  are  four  distinct  combinations  of  signs  of  the  masses, 
there  are  four  types  of  nondegenerate  critical  points  designated  by  Mo 
through  Ms.  Near  a  local  minimum(Mo)  or  a  maximum(M3),  the  component  of 
the  reduced  masses  are  all  positive,  and  negative,  respectively.  Near  a 
saddle  point  (Mi)  the  reduced  masses  Mx  ^y  positive  and  Mx 
is  negative;  the  saddle  point  defined  by  Mz  positive  and  and  My. 
negative  is  designated  as  M:.  The  importance  of  critical  points  in  all 


modulation  experiments  should  now  be  obvious;  a  perturbation  which 
changes  the  dens i ty-of-states  varies  most  rapidly  with  energy,  that  is, 
at  the  critical  points  themselves.  For  example,  stress  and  thermal  mod¬ 
ulation  tend  to  give  a  derivative-like  structure  by  shifting  the  energy 
of  a  critical  point,  among  other  effects.  A  uniform  electric  field  in 
effect  broadens  the  aero-field  structures,  a  process  which  also  results 
in  the  greatest  modifications  where  the  unbroadened  function  changes 
most  rapidly.  So  far  we  have  elaborated  the  theoretical  background 
about  why  we  have  sharp  and  rich  traces  of  structures  when  we  do  modula¬ 
tion  spectroscopy  experiment. 
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Chapter  IV 

ER  AS  A  THIRD  DERIVATIVE  MODULATION  SPECTROSCOPY 

I*.!  INTRODUCTION 

So  far  the  general  theory  of  the  modulation  spectroscopy  has 
been  discussed.  Now  I  want  to  devote  myself  to  low  field  electroreflec¬ 
tance  per  se.  The  electroreflectance  technique  gives  us  sharp,  well  re¬ 
solved  spectra  which  can  be  analyzed  to  get  properties  of  the  material. 
However,  ER  spectra  in  general  are  strongly  dependent  on  the  magnitude 
of  the  applied  field  and  on  experimental  conditions,  therefore  the  de¬ 
termination  of  material  parameters  from  these  spectra  is  a  difficult  and 
uncertain  process.  Still  at  sufficiently  low  modulating  electric  field, 
ER  spectra  simplify  drastically.  These  lineshapes  have  been  shown  both 
theoretically  and  experimentally  to  be  closely  related  to  the  third  de¬ 
rivative  of  the  unperturbed  dielectric  function. 

This  result  is  particularly  significant  from  a  spectroscopic  point  of 
view,  because  third-derivative  lineshapes  are  characterized  by  the  pres¬ 
ence  of  strongly  enhanced  critical  point  structures  and  strongly  sup¬ 
pressed  background  effects.  The  width  of  these  third  derivative  criti¬ 
cal  point  structures  are  determined  by  lifetime  broadening. 
Consequently,  these  spectral  features  are  well  localized  in  energy,  al¬ 
lowing  nearly  degenerate  critical  points  to  be  resolved.  Moreover,  this 
localization  permits  the  actual  energy  band  structure  in  the  vicinity  of 
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critical  points  to  be  approximated  accurately  by  a  simple  parabolic  den¬ 
sity  of  states,  enabling  critical  point  energies  and  broadening  parame¬ 
ters  to  be  obtained  directly  and  precisely  from  experimental  data. 

4.2  THEORY 

For  modulation  techniques,  the  perturbation (the  electric 
field,  in  electroreflectance)  changes  the  dielectric  properties  of  the 
unperturbed  solid.  These  changes  are  described  in  terms  of  changes, 
Ae  (E) ,  of  the  complex  dielectric  function,  <.  In  general,  both  A<  and  c 
are  second-rank  tensors.  The  quantity  Ac  (f)  is  obtained  by  adding  a 
perturbation  term,  H'  to  the  Hamiltonian,  Ho,  of  the  unperturbed  crystal 
and  either  calculating  c (E)  exactly,  in  which  case  Ac  ~  e (f)  -  c  (0) ,  or 
calculating  Ac  (E)  approximately  by  second-order  perturbation  theory. 

For  a  uniform  electric  field,  H*  ■  ef.r.  It  is  of  fundamental  impor¬ 
tance  that,  in  contrast  to  other  forms  of  modulation  spectroscopy,  the 
perturbation  term  eF.r  for  the  electric  field  is  not  lattice-periodic: 
it  represents  a  net  force  that  accelerates  the  electron,  and  it  there¬ 
fore  completely  destroys  the  translational  invariance  of  the  Hamiltonian 
in  the  field  direction.  This  property  accounts  for  the  remarkable  rela¬ 
tionship  between  low-field  ER  spectra  and  the  third  derivative  of  the 
unperturbed  dielectric  function,  which  stands  in  direct  contrast  to  mod¬ 
ulation  techniques  where  lattice  periodicity  is  retained  and  first-de¬ 
rivative  spectra  are  observed. 

When  the  perturbation  is  an  electric  field,  H'  ■  eC.r  and  transla¬ 
tion  invariance  is  lost.  The  electron  accelerates  and  momentum  is  no 
longer  a  good  quantum  number  in  the  field  direction.  Consequently,  the 
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one-electron  Bloch  functions  of  the  unperturbed  crystal  bee-..  ^  mixed. 
This  is  equivalent  to  spreading  the  formerly  sharp  vertical  transitions 
over  a  finite  range  of  initial  and  final  momenta.  Besides  if  the  field 
is  not  too  strong,  the  mixing  will  be  restricted  to  those  wavefunctions 
near  the  originally  vertical  allowed  transition.  This  will  smear  out 
structure  in  the  unperturbed  dielectric  function,  yielding  a  different 
and  more  complicated  spectrum  having  changes  in  sign.  This  kind  of 
shape  (di fference)  can  be  approximated  only  by  higher  derivatives  of  the 
unperturbed  dielectric  function.  The  two  zero  crossings  (typical  in  ER 
spectra)  are  characteristics  of  the  third  derivative,  as  may  be  verified 
qualitatively  by  explicit  calculation.  Refer  Fig.  (2). 
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FIr  .  2  Top:  a  *ch«matic  diagram  of  the  change  in  the  imaginary  par«  of  the  dielectric 
function  expected  for  a  first-derivative  modulation  process  where  lattice  periodicity  is 
preserved.  Bottom:  similar  diagram  for  electric  field  modulation  where  lattice  periodicity 
is  not  preserved.  The  effect  of  the  perturbation  on  the  energy  band  structure  and  optical 
transition  is  shown  at  the  left  in  each  case  (after  ref.  13). 
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<♦.3  THEORETICAL  DESCRIPTION 

Low  field  ER  spectra  are  obtained  only  in  that  range  of  exter¬ 
nally  applied  fields  where  both  interband  and  intraband  mechanisms  can 
be  treated  adequately  by  first-order  perturbation  theory.  Perturbation 
theory  implies  the  existence  of  two  energies  per  mechanism:  the  charac¬ 
teristic  energy  of  the  perturbation  and  a  characteristic  energy  of  the 
system.  The  perturbation  and  system  energies  for  the  interband  mecha¬ 
nism  in  ER  are  eEao(ao  is  a  lattice  constant),  the  potential  drop  across 
the  unit  cell,  and  Eg,  the  energy  separation  between  the  pair  of  bands 
under  consideration.  Clearly,  perturbation  theory  can  be  applied  when 
eEao  «Eg.  The  same  energy  for  the  intraband  mechanism 

fiQ-  (e2E2fi2/^|)l/3  -  [e2(E.^)2Ecv(k)/8]’/3  (5I) 

and  r,  the  broadening  parameter  are  less  obvious.  In  Eq.(51)>  M|  is 
the  interband  reduced  mass  of  bands  c  (conduction)  and  v  (valence)  eval¬ 
uated  in  the  field  direction,  and  E^y(k)  is  the  interband  energy  at  k. 
The  energy  fSl  is  the  characteristic  energy  obtained  in  the  quantum  me¬ 
chanics  solution  of  a  particle  mass  M|t  which  is  accelerated  in  a  uni¬ 
form  field  of  force  eE.  Of  course  perturbation  theory  will  apply  to  the 
intraband  mechanism  when  |'fi$^|«r.  This  is  more  strigent  condition  than 
former  one.  And  both  conditions  are  required  to  apply  perturbation 
theory  al 1  the  time. 

The  energies  and  F  for  the  intraband  mechanism  can  be  given  simple 
physical  meaning  by  calculating  the  average  energy  per  particle  <^W>, 
absorbed  in  a  collision  period,  r,  for  a  collection  of  classical  parti- 
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cles  of  charge  (-  e) ,  mass  /i|,  and  zero  average  initial  velocity  being 
accelerated  in  a  uniform  field.  T.  as  discussed  qualitatively  in  the 
preceding  section.  Since  dW  ■  F.v(t)dt,  where  F  ■  -eE  and  v(t)  “70  + 
at  ■  Vo  -  (eE/M|)t,  we  have 

<2W>  -  {/Jdt  (-e£)  .  [vq  -  (eE//i|)t3)  «  (eEr)  V  {2/<|)  .  (52) 

The  lifetime,  t,  is  related  to  the  broadening  energy,  F,  by  t  ~  11/(20. 
If  we  interpret  <AW>  as  a  field-induced  uncertainty  in  the  unperturbed 
electron  energies,  by  analogy  to  the  interpretation  of  F  as  a  lifetime- 
induced  uncertainties  in  these  levels,  then  the  ratio 

<^>/F  ~  (eEfi)  2/ (8mjF3)  -  (fiQ/o3.  (53) 

Therefore,  perturbation  theory  applies  to  the  intraband  mechanism  when¬ 
ever  the  average  energy  gained  per  particle  by  acceleration  in  the  field 
is  small  compared  to  the  natural  I ifetime- induced  uncertainty  in  the  un¬ 
perturbed  electron  energy  levels. 

According  to  the  relative  magnitudes  of  the  pairs  of  characteristic 
energies  there  are  three  ranges  of  ER  as  in  Table(2)  (Aspnes,  1973)* 
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Table  2 

Dcfinilion  and  expcrimenially  identifying  characteristics  of  the  three  ranges  of  ER  spectra 
in  terms  of  the  relative  strengths  of  the  perturbation  and  characteristic  system  energies  for 
both  iniraband  and  interband  mechanisms:  in  the  intermediate  range,  the  Airy  convolution 
and  Franz-Keldysh  approximations  assume  locally  parabolic  and  completely  parabolic 

energy  bands,  respectively 


Perturbation  energy  versus  system  energy 


Range 

Intraband 

Interband 

Identifying 

(long-range  coherent) 

(cell-periodic) 

spectral 

characteristics 

erf  On  ~  Et, 

Stark  shifts 

High 

band  structure 

Selection  rules 

r 

modified 

modified 

Intermediate 

Subsidiary  (Franz- 

(Airy  convolution) 

Keldysh)  oscillations: 

(Franz-Keldysh) 

r'lf On  <?  Et, 
band  structure 
unchanged 

exponential  absorption 
edge 

Low 

•m  «  r/3 

Invariant  lineshape 
scaling  as  <f  ^ 
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For  the  typical  values  E-100  kV  cm'^,  ao  -  6  A  and  /U|  -  0.1  we 

calculate  eEao  “  6  meV  and  ■  21.2  meV  (compared  to  average  broadening 
parameter  80  ~100  meV)  for  the  Ej  transition  in  MCT. 

For  a  single  band  pair  c,  v  the  intermediate  field  expression  for 
AE,  in  terms  of  general  energy  band  structure  defined  by  Egy(k).  is 

Af  '  j  (E,r,  E)  =:l*7rie^fi^P^j.P^y/  (mE)  ^  (2/  (2jr)  3)  /g^d^k/^dse'^^e'  (54a) 

X  {exp[-i/!02‘^s'Ecv('‘  "  -  exp[- i  E^.^  (k)  s]} 

2!  47ri  e^fi^P^j-P^iy/ (mE)  ^  (2/ (27r)  3) /g^d^k/^dse”^®  (54b) 

X  exp[i  (E  -  E^-y  (k)  s]  {exp[-i  (fiQ(k) )  3s3/3]  -  i}. 

Eq.  (54a)  expresses  the  second-rank  tensor,  A<,  in  component  form.  E  is 
the  energy  of  the  photon,  k  is  the  wavevector  integrated  over  the  Bril- 
louin  zone,  s  is  an  integration  variable  with  dimension  of  inverse  ener¬ 
gy,  Pgy  is  the  momentum  matrix  element  between  valence  (v) -  and  con¬ 
duction  (c) -band  states  of  energy  Ey(k)  and  Eg  (k)  each  and  F  is  a 
broadening  parameter.  The  momentum  matrix  elements  are  assumed  to  be 
independent  of  k  in  this  expression.  If  the  energy  bands  are  further 
assumed  to  be  locally  parabolic,  then  Eq.  (54b)  results.  This  is  an  in¬ 
tegral  representation  of  the  Airy  convolution  expression.  If  the  field 
is  small,  the  lifetime  broadening  term  exp(-rs)  in  Eq.  (51b)  will  cut  off 
the  integrand  before  the  term  exp[-i (ffts) *]  a  1  -  i (tfls) */3  +  ... 
changes  appreciably,  since  (fifl) *  "  E*.  The  leading  term  in  this  expan¬ 
sion  simply  yields,  and  cancels,  the  unperturbed  dielectric  function. 
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If  11101  <  r/3,  it  has  been  shown  that  the  higher-order  terms  may  be  neg¬ 
lected  (Aspnes  ,  1970,  1972b).  After  explicit  integration  we  find  the 
low-field  expressions 

Atij(E.r.E)  (87re2fi2p  (mE)  2)  (2/ (2r)  3)  (55a) 

X  /Bzd^k  (hO)  3/ (E^^  (k)  -  E  -  in'* 

^  {(fiO)3/3E2)  (a3/aE3)  (E2tij  (r.E))  (55b) 

-  (e2fi2EkEV2l.E2)  (/i-’)kl  (j)3/aE3)  {E2eij  (r.E))  .  (55c) 

[summation  over  repeated  indices  Is  assumed -in~lq. (55c)  and  throughout.] 
Eqs.(55b)  and  (55c)  show  clearly  the  third-derivative  relationship  be¬ 
tween  the  f ield- i nduced  change,  Ac,  and  the  unperturbed  dielectric  func¬ 
tion,  c.  This  follows  mathematically  because  multiplication  of  the  in¬ 
tegrand  in  Eq.  (5ka)  by  s^'  is  operationally  equivalent  to  calculating 
E-*0"/;)E")  [E*A«'J]. 


k.h  SCHOTTKY  BARRIER 

When  a  semiconductor  is  brought  into  contact  with  a  metal  we 
have  a  barrier  layer  in  the  semiconductor  where  charge  carriers  are  se¬ 
verely  depleted.  This  barrier  is  also  called  a  depletion  layer  or  ex¬ 
haustion  lay.  r.  In  Fig.  (3)  an  n-type  semiconductor  is  brought  into  con¬ 
tact  with  a  metal.  Fermi  levels  are  equalized  after  the  tr&  sfer  of 
electrons  from  the  conduction  band  of  the  semiconductor  to  the  metal  due 
to  chemical  potential  difference.  Positively  charged  donor  ions  are 
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left  behind  in  this  region  that  is  practically  stripped  of  electrons. 
Its  width  greatly  exceeds  the  electron  mean  free  path.  Therefore  resis¬ 
tance  is  very  high  in  this  region. 

Here  the  Poisson  equation  is 

div  D  -  i4irNe,  (56) 

where  N  is  the  donor  concentration.  The  electrostatic  potential  is  de¬ 
termined  by 

d<<)^/dx^*  -  47rNe/«  (57) 

which  has  a  solution  of  the  form 

-  -  2jrNex2/€.  (58) 

To  make  the  theory  simple  we  deal  with  the  equation  dimensionally.  When 
4>  is  divided  by  x  we  get  E  (electric  field).  Multiplying  both  sides  by 
V,„ (applied  modulation  voltage)  and  dividing  by  x  we  get 

e2  «  -  27rNeV„/<.  (59) 

According  to  Eq.  (55)  w*  can  see  that  A«  «  E*  «  Vp,.  Invoking 
Eq.(42).  Eq.(55)  and  Eq.  (59)  we  get 

AR/R  «  -  ANeV„L. 


(60) 
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where  L  is  the  line  shape  function  characteristic  of  a  material  and  A  is 
a  constant.  We  can  see  that  AR/R  is  proportional  to  the  number  of  car¬ 
riers  as  well  as  applied  modulation  voltage. 
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Vacuum 
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Chapter  V 

CONNECTION  BETWEEN  dR/R  AND  Ac 

5.1  BRIEF  INTRODUCTION 

The  quantity  At  given  in  Eqs.  (54)  and  (55)  can  be  related  to 
the  experimentally  measured  relative  change  in  ref lectivi ty (Aspnes, 
1973).  WR.  by 

^/R  -  Re[CsCexCin«'®-'^«'-'3* 


where 


Cs  •  2n3/Cn(«  -  €,)], 

(62) 

Cgx  ■  [1  ■  fl(<  ■  1)]^. 

g  S  0, 

(63) 

Cjp  ■  -2ik/?«dz'e~^'*‘*' 

CE(z')/E(0)]2, 

(64) 

and  e',  e-l  represent  Cartesian  components  of  the  unit  polarization 
vector,  e.  The  factor  Cj  ■  a  -  i0  gives  the  Seraphin  cofficient,  a 
and  3,  for  a  two-phase  interface  (ambient  n,*  Cg,  unperturbed  sub¬ 
stance  n*  ■  f) ,  rewritten  in  complex  variabie  form  for  convenience. 
Cg^  represent  the  electron-hole  Coulomb  interaction  in  the  contact  ex- 
citon  approximation,  and  Cj^  is  the  factor  arising  from  spatial  depen- 
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dence,  or  inhomogenei ties,  in  the  perturbing  field.  In  Eq.(63}<  <  is 

the  measured  dielectric  function,  which  is  assumed  for  simplicity  to  be 
a  scalar.  In  Eq.(63),  g  is  the  strength  parameter,  which  can  be  assumed 
to  be  constant  for  a  given  structure.  Eq.  (64)  has  been  written  explic¬ 
itly  for  the  low-field  limit.  In  Eq.  (64) ,  k  ■  nu/c  is  the  propagation 
parameter  of  the  light  in  the  substrate. 

5.2  SIMPLE  PARABOLIC  MODEL  DENSITY  OF  STATES 

The  strong  localization  of  low  field  ER  structure  of  a  single 
critical  point  to  within  an  energy  range  not  exceeding  several  broad¬ 
ening  parameters  is  important  for  spectroscopic  purposes,  for  it  means 
that  actual  energy  band  structure  in  vicinity  of  a  critical  point  can 
usually  be  replaced  accurately  with  a  simple  parabolic  model,  thereby 
simplifying  the  analysis  of  experimental  spectra  for  band  structure. 
For  one-,  two-,  and  three-dimensional  simple  parabolic  model  densities 
of  state  (D  ■  I,  2,  and  3i  respectively),  Eq.  (54a)  become 

D-l;  A<’j-(5i’">8)  (|2/*x/^5^|’/2KyK2)Q’jE2(E  -  Eg  +  ((>5a) 

D-2:  AeU-(2i>-2/3)  ^^^b) 

D-3:  A<‘'J-(,ri’-3/4)  qI  jE2  (e  .  +  iIT5/2(65c) 


where 


QU'  -  e'»fi'‘PicPiv/8>rM|EV 


1  is  the  order  of  the  critical  point,  equal  to  the  number  of  negative 
effective  masses  ^xt  My,  M2S  ky  af'd  ^2  represent  k  space  cu¬ 
toff  limits  used  for  D  ■>  1  or  D  ■■  2;  /u|  is  the  interband  reduced  mass 
evaluated  in  the  field  direction  as  defined  in  Eq.  (5I) .  In  this  simple 
model  r.  Eg,  and  phase  factor  can  be  determined  from  an  experimentally 
determined  spectrum  Ac  without  requiring  the  value  of 

If  the  dielectric  function  c  is  a  slowly  varying  function  of  ener¬ 
gy  in  the  vicinity  of  the  critical  point  structure,  Eqs.  (62) ,  (63),  (64) 
show  that  the  three  major  interactions  that  take  Ac  into  the  experimen¬ 
tally  measured  lineshape  AR/R  (the  optical  properties  of  the  ambient  and 
material,  electron-hole  interaction,  and  field  inhomogeneities)  affect 
only  the  amplitude  and  phase  factors,  and  again  leave  the  energy  loca¬ 
tion  and  width  of  the  structure  unchanged  (Thi s  is  the  important  point 
for  characterization  of  MCT) .  This  means  that  critical  point  energies 
and  broadening  parameters  can  also  be  obtained  directly  from  experimen¬ 
tal  lineshapes  AR/R,  without  requiring  data  reduction  by  means  of  Kram- 
ers-Kronig  analysis,  of  a  knowledge  of  the  field  homogeneity,  electron- 
hole  interaction  strength,  or  the  optical  properties  of  the  material. 


5.3  DETERMINATION  OF  BAND  STRUCTURE  PARAMETERS  BY  FITTING 

ER  spectra  in  general,  and  low-field  spectra  in  particular,  ex¬ 
hibit  one  positive  and  one  negative  extremum  for  each  critical  point. 
This  is  a  general  property  of  complex  resonance  lineshapes  of  the  form 

AR/R  -  Re[Ce'®(E  -  Eg  +  iD”"] 


(66) 
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where  C  and  Q  are  amplitude  and  phase  factors  that  vary  slowly  with  E, 
and  n  ^  2.  Here  the  amplitude  and  phase  factors  C  and  0  determine  the 
amplitude  and  asymmetry  of  the  lineshape,  respectively,  and  Eg  and  F 
determine  the  energy  location  and  width  of  the  structure.  Clearly,  the 
amplitude  factor  only  scales  the  lineshape  determined  by  0,  n.  Eg,  and 
r  and  thus  does  not  enter  into  the  actual  lineshape  determination. 
Note,  however  ,  that  regardless  of  the  value  0  the  energy  gap  always 
lies  between  the  two  extrema  and  the  energy  separation  between  the  two 
extrema  is  nearly  constant. 

This  observation  suggests  thaL  Eg  and  F  should  be  obtainable  rela¬ 
tively  simply  from  these  lineshapes.  The  key  to  determining  Eg  and  F 
directly  from  experimental  lineshapes  lies  in  the  fact  that  the  ratio  of 
the  absolute  magnitudes  of  the  positive  and  negative  extrema  (the  asym¬ 
metry  of  the  lineshape  with  respect  to  the  baseline)  uniquely  determines 
the  phase  factor,  0.  Once  0  is  known,  the  systematics  of  the  lineshape 
allow  F  to  be  related  precisely  to  the  energy  separation  between  the  po¬ 
sitive  and  negative  extrema  and  also  allow  the  energy  gap,  Eg,  to  be 
located  precisely  between  the  two  extrema.  Note  also  the  dominant  1i- 
neshape-determi ni ng  processes,  the  critical  point  type,  optical  con¬ 
stant,  field  inhomogeneity,  and  electron-hole  interaction  in  the  contact 
exciton  approximation,  contribute  only  to  the  amplitude  and  phase  fac¬ 
tors  C  and  0.  Since  0  can  be  determined  from  the  asymmetry  of  an  exper¬ 
imental  lineshape,  it  follows  that  a  detailed  knowledge  of  each  interac¬ 
tion  is  not  necessary  to  determine  Eg  and  F  and  that  these  parameters 
can  be  determined  directly  from  the  experimental  lineshapes  themselves 
by  fitting.  Fig.  (4) . 
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SAMPLE  FITTING 

MCT63  20*1 

lU  U=*2U  S«1MU 

P«0  KOH  140 

SEC  .2*/.  BR 

SYS  B  3/16/84 

SIGMA 

C 

DEI 

DGAM 

DSIGMA2 

OFFSET 

0.06 

9.110 

31.115 

0.000 

0.534 

0.00 

0.22 

28.109 

-3.101 

0.080 

0.610 

0.00 

THETA 

EG 

GAMMA 

6.145 

2.417 

0.099 

6.096 

3.866 

0.171 

THE  UALUE 

OF  R  IS 

0 

THE  INTERSECT  ENERGY  IS 

2.59 

THE  UALUE 

OF  X  IS 

8.343 

THE  ETCH  DEPTH  IS  9.800  MICRONS 


Fig.  4  . experimental 

■■  ■  '■  theoretical 


Chapter  Vi 

EXPERIMENTAL  SETUP  FOR  EER 


6.1  INTRODUCTION 

The  block  diagram  of  EER  setup  is  shown  in  Fig.  (5).  For  the 
light  source,  we  have  used  a  15OW  Xe  compact  arc-lamp  which  gives  us  a 
wide  range  of  wavelengths.  That  light  is  incident  on  the  grating  mo¬ 
nochromator  (GCA/McPHERSON,  model  EU-700-56)  which  is  computer  controlled 
to  achieve  the  desired  wavelength  intervals  during  the  run. 

The  sample  is  mounted  on  the  sample  holder  (nylon)  with  polystylene 
Q-dope.  The  sample  holder,  which  is  shown  Fig.  (6),  consists  of  two  sec¬ 
tions  sealed  together  with  wax  in  such  a  manner  as  to  form  a  hollow  in¬ 
terior.  Electrical  contact  on  the  sample  is  achieved  through  the  use  of 
two  platinum  electrodes  which  are  placed  in  electrolyte  solutions  which, 
while  electrically  insulated,  are  in  contact  with  the  front  and  rear 
surfaces  of  the  sample  respectively.  One  electrode  is  dipped  into  REG 
electrolyte  (made  of  1  gram  of  Tetraethyl  ammonium  Perchlorate 
(  (CjHs) 4NCIO4)  into  200  ml  of  propylene  carbonate  (OCH  (CHa) CHzOCO) )  in 
the  inside  of  the  sample  holder.  The  other  electrode  is  immersed  in 
electrolyte  in  a  quart2  cell  which  is  external  to  the  sample  holder. 
Depending  on  the  purpose  we  use  various  kinds  of  electrolytes,  such  as 
KOH  (.1  N) ,  Lactic  acid  (10  CaHtOa) ,  etc. 
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A  modulating  electric  field  (at  some  frequency,  f)  is  applied  to  the 
sample  by  an  HP  3310A  function  generator  which  also  puts  out  dc  voltages 
as  well.  Since  exit  flux  of  intensity  lo  is  focused  on  the  sample,  the 
reflected  intensity  will  therefore  contain  a  dc  or  average  value,  loR, 
and  a  modulated  value,  lo^,  that  varies  in  phase  with  supplied  electric 
field  (frequency,  f)  by  function  generator. 

In  our  system  an  anode  current  regulator  for  the  photomultiplier  tube 
has  been  employed  to  maintain  constant  R,  M,  therefore,  is  the  only 
quantity  that  varies,  and  measurements  of  it  can  be  made  with  a  lock-in 
amplifier.  The  exit  beam  is  focused  on  the  sample  using  a  f«100  mm  UV 
lens.  Light  reflected  from  the  sample  is  collected  with  other  f-100  mm 
UV  lens  and  measured  with  a  photomultiplier  tube. 


EXPERIMENTAL  SETUP  FOR  EER 
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6.2  SAMPLE  PREPARATION  AND  RUN 
i)  mono  scan 

After  preparing  proper  si2e  samples  by  cutting  (and  polishings  when 
the  surface  is  dirty  or  doesn't  give  a  signal  initially)  the  sample  is 
mounted  and  introduced  to  the  electrolyte  environment  as  depicted  in 
Fig.5«  Proper  electrical  contact  is  ensured  by  measuring  resistance  be¬ 
tween  two  platinum  electrodes.  This  is  a  crucial  test  since  leaking  be¬ 
tween  sample  and  cover  washer  (F ig. 6)  will  defeat  the  modulating  electric 
field  on  the  sample.  Measured  resistances  less  than  .3  Mii  suggest  pos¬ 
sible  leakage  and  call  for  a  visible  inspection  of  the  seal.  Experience 
also  shows  that  for  MCT  the  normal  resistance  range  to  obtain  a  signal 
is  .5  to  7  Mi).  If  the  measured  resistance  is  greater  than  10  Mi), 
the  chance  to  get  a  signal  is  very  small  and  for  higher  resistances  in 
the  range  of  20  Mi)  it  is  almost  impossible. 

Our  EER  setup  is  fully  computerized  as  far  as  the  experimental  run  is 
concerned.  By  selecting  the  scanning  range,  wavelength  interval,  de¬ 
sired  readings,  and  distance  between  points  (area  scan  only),  the  comput¬ 
er  will  control  the  monochromato.-,  record  the  data  from  lock-in  amplifi¬ 
er,  and  plot  the  lineshape  on  the  plotter. 

i i)  area  scan 

Area  scan  is  an  application  of  the  mono  scan  used  to  investigate  the 
uniformity  of  sample  throughout  the  surface.  In  this  case  the  computer 
has  one  more  duty  to  perform  -  laterally  translating  the  sample.  In 
this  manner  various  sample  positions  can  be  probed  and  lineshapes  ob- 
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tained  for  each  position.  Before  we  try  the  area  scan  we  need  a  mono 
scan  data.  The  wavelength  scanning  range,  which  must  include  either  a 
peak  point  or  a  zero  crossing  point,  is  first  established  by  recording 
a  mono  scan.  In  the  area  scan,  the  computer  will  record  either  one  peak 
point  or  one  zero  crossing  point  for  each  spot  of  the  sample.  Since 
each  point  is  proportional  to  E^,  we  can  determine  the  uniformity  of 
the  surface  by  the  area  scan.  Scanning  time,  however,  is  long. 

6.3  DATA  PROCESSING 

When  enough  data  are  taken  we  use  the  computer  to  fit  the  data  to 
get  energy  gap,  linewidth,  phase  ang1e(mono  scan  only).  The  number  of 

data  taken  depends  on  the  purpose  of  the  experiment.  We  have  developed 

the  full  lineshape  fitting  to  get  better  E^  value  as  well  as  better  P 

value.  The  energy  fitting  range  of  HOT  was  usually  from  1.8  eV  to  2.5 

eV  which  includes  the  E^  energy  transition  for  MCT.  Theoretical  dis¬ 
cussion  is  done  in  Chapter  5  and  more  will  be  done  in  Chapter  9.  Spe¬ 
cially  in  Chapter  9  we  have  the  generalized  theory  which  fits  the  li¬ 
neshape  for  whole  energy  range. 

6.i»  ACCOMPLISHMENTS 

By  exploiting  the  EER  technique  I  have  made  several  important  con¬ 
tributions  to  the  characterization  of  MCT. 

I.  A  more  reliable  relationship  between  E^  and  the  alloy  composi¬ 
tion  of  Cd  in  MCT  has  been  established  by  carefully  determining  the 
coefficients  in  the  expression  Ej  -  a  +  bx  +  cx*. 
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Even  though  the  quadratic  relationship  between  the  alloy  composition 
X  and  the  interband  transition  energy  is  well  known,  the  parameters 
measured  do  not  agree  one  another.  Therefore  the  establishment  of  sound 
values  for  parameters  has  been  an  important  contribution  of  mine  for  the 
characterization  of  MCT.  For  this  I  have  used  defect-free  MCT(x“.5)» 
MgTe(x>0),  and  CdTe(x-l)  and  measured  exact  values  by  using  full 
lineshape  fitting  to  determine  accurate  parameters.  I  find  that 
a=2.135t  b».600,  c*.6l*0. 

II.  The  etching  rate  for  MCT  by  Br/Me  has  been  carefully  calibrated. 

For  a  reliable  profiling  of  MCT  we  need  to  know  the  exact  etching 
rate  of  an  agent,  in  our  case  Br/Me,  so  that  we  can  tell  how  much  we 
take  off  when  the  sample  is  etched.  But  the  etching  rate  of  the  Br/Me 
depends  on  concentration  of  agent  and  etching  time.  In  addition  to 
these  factors  the  mixture  of  Br/Me  is  not  stable  at  all.  To  reduce  the 
effect  of  the  instability  of  the  agent  we  made  the  mixture  just  before 
the  actual  etching.  By  taking  into  account  all  these  factors  I  found 
the  calibrated  etching  rate  to  be  HOO  A  per  1  minute  jetting  with  .2X 
Br/Me  agent. 

III.  The  profiling  technique,  which  employs  the  calibrated  etching 
rate  and  the  established  relationship  between  E^  and  x,  has  been  de¬ 
veloped. 

Since  I  have  established  accurately  the  and  x  relationship  and 
the  etching  rate  for  MCT,  the  profiling  of  MCT  is  a  natural  application 
of  the  two  accomplishments.  By  fitting  EER  lineshapes  to  determine 
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at  each  predetermined  crystal  depth  that  is  achieved  via  etching  the 

versus  x  relationship  was  used  to  establish  the  composition  of  Cd 
as  a  function  of  crystal  depth. 

IV.  MCT  type  conversion  due  to  stress  has  been  discovered. 

Because  of  the  fragility  of  the  MCT  it  is  very  important  to  know  the 
effect  of  mechanical  shock  on  the  MCT.  By  collaborating  with  Stan- 
ford(W.  E.  Spicer  et  al  I983)  the  type  conversion  of  MCT  due  to  stress 
has  been  confirmed. 

This  summarizes  the  work  that  I  have  carried  out  independently.  The 
extensive  amount  of  data  recorded,  however,  has  led  to  additional  find¬ 
ings.  For  severely  defectuous  samples  the  theoretical  lineshape  was 
incapable  of  fitting  the  data  except  for  energies  very  near  the  critical 
point  energy  E].  This  prompted  the  initiation  of  a  theoretical  inves¬ 
tigation  into  the  importance  of  new  defect-enhanced  physical  effects  in 
EER  not  described  in  the  theory  of  Aspnes  (1973) •  The  generalized  theory 
of  Raccah  et  al .  (1985)  resulted.  Our  data  has  been  instrumental  in  con¬ 
firming  the  validity  of  this  generalized  theory. 
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Chapter  VI I 

CHARACTERIZATION  OF  MCT  BY  EER 


7.1  THEORY 

Electrolyte  electroref lectance (EER) ,  being  a  derivative  tech¬ 
nique,  is  a  preferable  method  to  simple  reflectance  because  of  its 
greater  sensitivity  and  simplicity.  It  yields  spectra  which  can  be  fit¬ 
ted  to  a  theoretical  expression  and  the  fit  determines,  in  addition  to 
the  interband  transition  energy  Ei,  two  very  useful  parameters,  namely, 
EER  linewidth  F  and  phase  angle  6, 

It  is  well  known  that  in  alloys,  Ei  is  related  to  the  composition  x 
of  alloy  by  a  quadratic  expression  of  the  type: 

E|  ■  a  +  bx  +  cx^.  (67) 

The  parameters  are  determined  empirical  and  c  is  called  the  bowing  pa¬ 
rameter.  It  has  been  determined  numerous  times  for  Hg^.j^Cd^Te  (MCT) 
but  the  published  values  are  in  very  poor  agreement  with  one  an¬ 
other  (Kisiel  ,  197I;  Moritani,  1973;  Casula,  1977*  Podgorny,  1979)*  The 
usefulness  of  EER,  when  applied  to  alloys,  depends  largely  on  the  reli¬ 
ability  of  the  El  ■  F (x)  relationship.  Therefore,  The  main  efforts  have 
been  directed  towards  establishing  more  accurate  values  of  the  parame¬ 
ters.  For  this  purpose  Ei  values  of  the  end  members,  CdTe  and  HgTe, 
have  been  obtained.  Also  Ei  values  on  high  quality  samples  of  the  a1- 
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loys  with  accurately  determined  composition  close  to  x  ■  O.5,  where  the 
bowing  is  maximum,  have  been  calculated  by  fitting.  In  all  cases  the 
interband  transition  energy  Ei  has  been  determined  both  by  EER  through 
lineshape  analysis,  and  by  Automatic  Scanning  Ellipsometry  (ASE) .  In 
the  latter  case  one  fits  the  third  derivative  of  the  spectrum  of  the  im¬ 
aginary  part  of  the  dielectric  function.  The  values  of  Ei,  which  have 
been  determined  for  x  *  I,  0.5«  and  0  were  3-375.  2.595.  2.135  eV,  re¬ 
spectively,  in  good  agreement  with  other  recent  work.  These  results  in 
turn  yielded  c  *  0.6140  with  an  uncertainty  of  C.05.  The  other  parame¬ 
ters  are  a  «  2.135.  af'd  b  «  .600. 

Comparison  to  previous  results  is  difficult  because  the  value  of  c 
depends  greatly  on  that  of  Ei  for  the  end  members  and,  in  this  respect, 
the  accuracy  of  the  previous  work  was  less  than  ours.  They  did  not  in 
general  use  a  modulation  spectroscopic  method  and  when  they  did  they  did 
not  carry  out  a  full  lineshape  analysis  which  is  much  more  accurate.  It 
is  worth  mentioning,  however,  that  the  value  determined  is  not  in  agree¬ 
ment  with  the  prediction  of  Van  Vechten's  dielectric  theory  (1970) ,  which 
is  c  *  .38,  but  then  neither  was  that  of  Horitani (1973).  which  was  c  ■ 
0.84. 

It  is  believed  that  this  new  expression  is  more  reliable  than  any 
previously  published.  These  numbers  have  been  checked  against  numerous 
samples  of  varied  origins,  including  materials  of  reasonable  quality, 
where  the  value  of  Ei  can  be  determined  to  an  accuracy  of  0.003  eV  by 
fitting  of  the  EER  lineshape  which  yields  x  with  an  uncertainty  of  0.004 
only.  The  linewidth  F  is  obviously  affected  by  all  scattering  processes 
and  its  relationship  to  the  etch  pit  density  revealed  by  micrographic 
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examination,  i.e.,  its  relationship  to  scattering  by  structural  defects, 
has  been  investigated.  The  magnitude  of  the  linewidth  is  an  indication 
of  the  defect  density  of  the  materials. 


7.2  ETCHING 

The  etching  rate  of  the  MCT  with  etching  agent,  Br/Met,  has 
been  established.  The  etching  rate  is  about  1400  A  by  1  min.  Jetting 
with  .2l!  Br/MET  agent.  By  adjusting  jetting  time  and  concentration  of 
agent  we  can  etch  a  certain  amount  of  depth  everytime.  EER  lineshape 
data  can  be  taken  each  time  after  successive  etchings.  By  fitting  the 
lineshape  x  values  at  various  depths  of  the  sample  one  can  obtain  a  re¬ 
lation  between  x  and  depth.  This  graph  of  x  vs  depth  shows  us  the  qual¬ 
ity  of  material  depthwi se (F ig.8) .  Similar  x  determinations  at  various 
surface  locations  can  be  obtained  by  laterally  moving  the  sample  with  a 
translator.  In  this  manner  information  about  the  lateral  uniformity  is 


provided (F ig.9) . 
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7.3  RESULT  OF  BULK  MCT 

In  chapter  9  it  wi 11  be  described  how  p-type  MCT  can  be  converted 
to  n-type  by  stress  and  that  the  stressed  volume  is  depleted  in  mercury. 
Ion  implantation  of  p-type  MCT  surfaces  converts  them  to  n-type,  with 
the  p/n  junction  buried  1.5  microns  below  the  surface.  Impurity  profil¬ 
ing,  however,  shows  that  the  implant  penetration  is  no  greater  than  .15 
micron.  The  type  conversion  must,  therefore,  result  from  the  damage  in¬ 
duced  by  the  implantation  rather  than  from  the  activation  of  the  imp¬ 
lant. 

On  the  other  hand,  the  mercury  depletion  of  the  stressed  volume  is  in 
agreement  with  the  energy  dispersive  x-ray  analysis,  in  transmission 
electron  microscopy,  which  shows  selective  motions  of  mercury  in  local¬ 
ized  defects  zones (Magee,  T.  J.,  1982) 

It  seems  to  us  that  these  results  shed  new  light  and  help  in  under¬ 
standing  the  effect  on  the  crystals  of  the  mercury  vapor  anneal,  partic¬ 
ularly  on  n-type  MCT.  According  to  conventional  understanding,  the  an¬ 
neal  fills  in  mercury  vacancies  and  confers  to  the  annealed  material  a 
greater  structural  perfection.  The  n-type  character  is  then  due  to  the 
ppms  of  excess  mercury  atoms  which  are  acting  as  donors.  In  view  of  the 
fact  that  structural  defects  are  perfectly  capable  of  conferring  an  n- 
type  character  to  MCT  and  that  mercury  tends  to  diffuse  along  defects 
lines,  it  is  clear  that  a  wholly  opposite  interpretation  could  be  given. 
Namely  that  the  mercury  vapor  anneal,  far  from  yielding  a  more  perfect 
crystal,  generates  instead,  new  defects  which  in  turn  r  <der  the  materi¬ 
al  n-type. 
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In  general  EER  results,  whether  obtained  on  bulk  single  crystals 
or  on  epi layers,  are  consistent  with  this  picture.  When  comparisons  of 
surfaces  prepared  in  the  same  way,  whether  by  us  or  by  someone  else,  and 
including  those  which  by  present  standards  of  the  surface  treatment  are 
considered  optimal,  the  p-type  materials  always  exhibit  a  narrower  li- 
newidth  F  than  the  n-type  materials.  Therefore,  it  is  believed  that  p- 
type  materials  have  intrinsically  less  in  structural  defects. 

Independent  from  these  observations,  we  have  already  found  that 
Bromine/methanol  (Br/Met)  attack  leaves  MCT  surfaces  depleted  in  cadmium 
and  more  defective.  In  view  of  what  has  been  said  above  these  state¬ 
ments  bear  reexamining.  The  EER  signal  is  due  to  the  modulation  of  the 
optical  absorption  of  material  by  the  applied  electric  field.  In  this 
picture,  neutral  structural  defects  will  act  primarily  as  scattering 
centers  and  will  be  perceived  through  their  effects  on  the  broadening 
parameter  F.  For  obvious  reasons  the  third  derivative  of  the  optical 
spectra  obtained  by  automatic  scanning  ell  isometry  (ASE)  will  be  simi¬ 
larly  affected.  On  the  other  hand  charged  defects  will  not  interact 
with  the  polarization  of  light  (ASE)  anymore  than  would  neutral  defects 
while  they  will  interact  very  strongly  with  an  applied  electric  field 
(EER)  to  which,  in  first  approximation,  neutral  defects  would  be  unaf¬ 
fected.  It  is  therefore  predictable  that  charged  defects  will  play  an 
insignificant  role  in  ASE  spectra  while  their  role  could  be  greatly  em¬ 
phasized  in  EER  spectra. 

This  is  easily  understood  when  it  is  recalled  that  in  EER  experi¬ 
ment  the  modulating  electric  field  is  applied  via  a  Schottky  barrier  and 
charged  defects  would  affect  that  Schottky  barrier  just  as  much  as  they 
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would  affect  any  other  device  one  would  attempt  to  build  on  that  sur¬ 
face.  For  this  reason  it  has  always  been  difficult  to  study  by  EER  ma¬ 
terials  which  are  prone  to  exhibit  a  high  density  of  surface  states  or 
of  charged  defects  without  some  means  to  "heal"  or  relax  the  surface. 
For  Just  about  all  semiconductors  the  problem  does  not  present  itself 
but  for  freshly  etched  MCT  it  is  definitely  there. 

It  is  this  effect  that  has  been  found  earlier  in  qualitative  terms 
and  which  has  taught  us  never  to  study  by  EER  an  etched  HCT  surface  be¬ 
fore  it  has  been  "healed"  by  electroetching  or  by  anodization.  This 
analysis  has  recently  received  support  from  comparative  measurement  made 
in  our  laboratory  and  elsewhere.  It  would  indeed  appear  as  if  Br/Het 
attack  does  not  affect  the  ASE  spectra  while  it  does  affect  the  EER 
spectra  obtained  before  electroetch  or  anodization.  Moreover  the  effect 
of  the  Br/Met  attack  seems  to  be  considerably  greater  on  n-type  samples 
than  on  p-type  samples,  consistent  with  our  hypothesis  of  the  greater 
density  of  charged  defects  in  n-type  materials.  The  above  results  as 
well  as  their  interpretation  are  very  tentative  and  are  presented  here 
primarily  because  of  the  difference  between  the  n-type  and  p-type  re¬ 
sponses. 

7.U  LIQUID  PHASE  EPITAXY  (LPE) 

Liquid  Phase  Epitaxy(LPE}  is  a  logical  approach  to  a  better 
control  of  the  growth  process.  The  growth  takes  places  primarily  at  the 
bath/crystal  interface  and  ideally  can  be  efficiently  regulated.  From 
an  analytical  point  of  view,  the  depth  profile  of  an  epi layer  is  a  fro¬ 
zen-in  record  of  interfacial  history  and  its  study  is  of  obvious  signif¬ 
icance  to  the  understanding  of  growth  mechanism. 
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Several  techniques  are  used  to  acquire  this  information  and  they 
are  EER,  the  SIMS  (Secondary  Ion  Mass  Spectrometer)  and  the  microprobe. 
More  than  one  hundred  samples  of  all  origins  have  been  studied  mostly  by 
EER.  The  key  condition  to  the  application  of  EER  to  the  profiling  of 
LPE  materials  is  a  calibrated  etch  rate  since  accurate  knowledge  of  the 
depth  of  material  removed  before  each  EER  spectra  taken  is  essential. 
Using  conventional  techniques,  it  is  possible  to  etch  down  the  entire 
surface  of  our  samples  (  usually  3  x  4  mm  )  with  a  depth  control  of  ap¬ 
proximately  200  A  and  with  reasonable  uniformity.  This  precision  match¬ 
es  well  the  light  penetration,  which  is  only  300  A,  and  makes  of  EER  a 
tool  uniquely  suited  to  the  characterization  of  LPE  materials. 

The  calitiation  was  established  by  etching  layers  of  known  thick¬ 
ness  in  steps  of  0.5  micron  and  determining  the  value  of  Ei  at  each 
depth  by  a  fit  of  EER  spectrum.  When  it  reached  the  value  of  3-375  eV, 
which  is  determined  to  be  characteristic  value  of  CdTe  the  substrate  had 
become  exposed.  In  all  cases  the  thickness  of  the  film  had  been  very 
accurately  determined  beforehand  by  analysis  of  the  infrared  (IR)  inter¬ 
ferences  obtained  by  transmission  through  the  layer.  It  has  allowed  us 
to  determine  the  depth  profiles  previously  described  as  well  as  the  com¬ 
position  and  defects  density,  of  numerous  epi layers.  Samples  from  es¬ 
sentially  all  of  the  active  growth  laboratories  were  included  and  a  sum¬ 
mary  of  principal  results  of  the  investigation  is  presented  here. 

In  general  the  profile  in  composition  of  a  layer  exhibits  four  dis¬ 
tinct  regions  which  are: 

1}  The  Near  Surface  Region  (NSR) , 

2)  The  Bulk  Region  (BR) , 
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3)  The  I nterD i f fus ion  Region  (IDR), 

k)  The  InterFacial  Region  (IFR), 

The  first  of  them,  i.e.,  the  NSR,  is  generally  graded  and  low  in  cadmi¬ 
um:  it  is  always  removed  before  making  use  of  the  layer.  Its  depth  de¬ 
pends  very  much  on  the  growth  technique  but  averages  around  two  microns 
and  it  has  been  found  that  the  NSR  is  very  rich  in  defects  as  was  al¬ 
ready  shown. 

The  BR  is  of  course  better  behaved  and,  in  good  epi layers,  is  uni¬ 
form  in  composition  to  within  O.Ol  in  x.  For  comparison,  this  control 
of  X  would  need  to  be  lowered  to  0.004  if  it  were  to  match  the  quality 
of  state  of  the  art  bulk  materials.  The  depth  of  this  region  depends  on 
the  thickness  of  the  layer  but  will  typically  be  of  the  order  of  12  mi¬ 
crons  in  a  20  microns  layer.  The  defects  density  is  usually  the  lowest 
in  the  BR  and  averages  5  x  10*  etch  pits/cm*  in  recent  samples. 

The  IDR  and  the  IFR,  which  were  prominent  features  in  early  LPE 
samples  when  preparation  of  the  substrates  was  not  as  skilled  as  it  now 
is  have  all  but  disappeared  in. state  of  the  art  LPE  materials.  When 
seen  they  have  typical  depths  of  four  and  two  microns,  respectively,  in 
epi layers  of  20  microns.  The  cadmium  content  increases,  as  expected,  in 
both  these  regions,  slowly  in  the  lOR  and  very  rapidly  in  the  IFR.  As 
an  example  in  a  layer,  where  the  nominal  composition  is  x  ■  0.20,  it 
would  rise  to  x  ■  .25  within  the  IDR  and  from  there  to  x  ■  1  within  the 
IFR.  Obviously  these  regions  are  more  defective  than  the  BR,  however 
they  can  be  greatly  improved  by  a  suitable  preparation  of  the  sub¬ 
strates,  as  has  already  been  shown. 
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The  results  shown  in  Fig. (10)  are  meant  to  illustrate  the  signifi¬ 
cance  of  proper  substrate  preparation.  They  compare  two  layers  grown  in 
the  same  laboratory  and  by  identical  procedures,  the  only  difference  is 
that  in  one  case  the  surface  preparation  of  the  substrate  was  conven¬ 
tional,  while  in  the  other  it  was  achieved  by  hydroplaning.  And  it 
clearly  shows  that  hydroplaning  method  is  much  better  than  conventional 


technique. 


6k 


X 


DISTANCE  FROM  THE  INTERFACE 
IN  MICRONS 


Fig.  10  Comparison  of  two  epilayer/substrate  interface.  Substrates 
are  prepared  by  different  methods. 
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The  SIMS  is  a  popular  technique  to  detect  the  presence  of  impurity 
traces  and  to  determine  their  profiles.  The  SIMS  profile  of  representa¬ 
tive  MCT  sample,  which  had  already  been  profiled  by  EER,  is  shown  in 
Fig.  (11)  together  with  the  EER  profile.  One  can  see  that  qualitatively 

there  is  reasonable  agreement  between  the  two  techniques.  In  Fig.  (12)  I 
showed  the  position  of  E^  transition  in  Brillouin  zone  for  MCT.  I 
have  chosen  the  E^  transition  energy  range  to  work  with  for  MCT  EER 
because  it  lies  in  the  visible  light  range,  varies  substantially  with 
the  Cd  concentration  x,  and  gives  rise  to  strong  structure  in  both  EER 
and  ASE.  Most  of  all  this  critical  point  is  in  the  (111)  direction 
which  coincides  with  chemical  bonding  direction.  Therefore  this  range 
is  very  sensitive  to  defects. 
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Chapter  VI 1 1 

GENERALIZED  THEORY  OF  MODULATION  SPECTROSCOPY  BY  EER  &  ASE 

8.1  INTRODUCTION 

Electrolyte  electroreflectance  has  been  used  very  extensively 
to  determine  accurately  the  interband  transition  energies  of  compound 
semiconductors  and  of  alloys  (Rowe,  et  a1,  1970).  The  procedure  is  well 
established  and  illustrated  in  chapter  7  and,  at  least  in  the  low-field 
limit  and  for  centrosymmetr ic  and  relatively  defect-free  sample,  the 
theory  seems  to  fit  the  experiment.  It  assumes  that  the  primary  effect 
of  the  modulating  electric  field  is  to  accelerate  the  optically  excited 
electrons  and  therefore  break  the  translation  symmetry.  Under  this  as¬ 
sumption  the  modulated  part  of  the  reflectance  turns  out  to  be  propor¬ 
tional  to  the  third  derivative  of  the  dielectric  function. 

Aspnes  has  proposed  for  this  Third  Derivative  Lineshape  an  approxi¬ 
mate  fun  ional  representation  (TDL)  which  is  most  effective  and  ex¬ 
plained  already.  When  fit  is  made  by  a  least-squares  method  to  the  data 
it  yields  the  interband  transition  energy  Ej ,  the  broadening  parameter 
Fj  and  the  phase  angle  6j. 
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Fie  13  Low-field  EER  and  the  best-fit.  third-derivative 

for  a  relatively  defect-free  sample  of  MCT,  , 

numerically  calculated  third-derivative  spectrum  from  ASE  for  a 

similar  MCT  sample. 
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In  the  early  stages  of  the  use  of  EER  it  was  considered  sufficient 
to  determine  the  value  of  the  interband  transition  energy  from  the  loca¬ 
tions  of  the  lowest  energy  extremum,  2ero  crossing  point  and  highest  en¬ 
ergy  extremum  in  the  EER  lineshape  (so  called  three-point  meth¬ 
od)  (Cardona,  I969) .  This  method  is  no  longer  credible  because  it  has 
been  shown  repeatedly  that  the  correct  data  treatment,  which  consists  in 
fitting  the  theoretical  lineshape  to  the  experiment,  yields  a  very  dif¬ 
ferent  value  for  E j .  Having  developed  the  necessary  full  lineshape 
analysis  programs,  this  technique  has  been  used  extensively  to  determine 
the  composition  of  MCT  alloys  as  well  as  the  variations  of  the  composi¬ 
tion  in  depth  (Raccah,  et  al,  1983b)  and  lateral ly  (Raccah,  et  al,  1977)* 
The  topography  of  variations  in  composition  of  bulk  single  crystals 
and  of  epi layers  as  well  as  the  profiles  in  composition  of  alloy  epi lay¬ 
ers  have  been  most  useful  in  the  evaluation  of  material  quality  and  of 
growth  techniques.  When  these  are  used  to  compare  materials  obtained  by 
solid  state  recrystallization  with  those  obtained  by  the  modified 
Bridgeman  technique  it  turned  out  that  the  chemical  inhomogen ieties  ob¬ 
served  correlate  very  well  with  the  electronic  properties  of  the  materi¬ 
als,  in  particular  with  the  lifetime  and  mobility.  On  the  other  hand, 
because  liquid-phase  epitaxial  growth  (LPE)  amounts  to  a  frozen  record 
of  interfacial  processes,  the  depth  composition  profiles  provide  essen¬ 
tial  information  to  the  crystal  growers.  By  using  a  calibrated  etching 
procedure  it  was  possible  to  make  these  profiles  available.  The  results 
show  that  the  epi layers  are  very  homogeneous  laterally,  when  compared  to 
bulk  single  crystals,  and  that  the  variations  in  composition  observed 
correlate  very  closely  with  the  distribution  of  extended  defects  as  ob- 
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served  by  STEM  (Scanning  Transmission  Electron  Microscope).  This  evi¬ 
dence  for  a  correlation  between  defects  and  composition  was  further 
strengthened  when  photoemission  and  EER  both  showed  that  stress  could 
modify  the  composition  and  even  minority  carrier  type  in  MCT  materials. 

In  another  application  the  effects  of  surface  treatment  by  EER  have 
been  studied.  The  results  indicated  that  the  MCT  surface  was  very  sen¬ 
sitive  to  chemical,  electrochemical  or  mechanical  treatments.  It  is  ob¬ 
served  that  large  variations  in  the  EER  linewidth  occur  with  surface 
treatment  and  it  is  possible  to  correlate  them  with  defect  densities  as 
observed  by  STEM  or  as  measured  by  etch-pit  count.  These  results,  how¬ 
ever,  could  not  be  confirmed  by  recent  studies  carried  out  by  automatic 
spectroscopic  ell  isometry  (ASE) .  A  clear  comparison  of  ASE  and  EER  re¬ 
sults  was  easy  to  make  because,  according  to  the  theory,  the  very  same 
lineshape,  measured  by  EER,  can  be  independently  calculated  by  numerical 
differentiation  from  the  ASE  data.  When  comparisons  of  parameters  ob¬ 
tained  by  EER  and  ASE  respectively  were  made  on  a  comparable  sample  it 
was  found  that  the  values  of  the  linewidth  differed  by  as  much  as  lOt. 
The  comparison  is  shown  in  Fig.  (13).  Moreover,  they  pointed  out  that 
the  spectra  of  the  real  and  imaginary  parts  ei  and  (2,  of  the  dielectric 
function  c  (E) ,  which  are  measured  directly  by  ASE,  are  quite  insensitive 
to  chemomechanical  treatment.  In  other  words,  the  linewidth  of  the 
curves  obtained  by  triple  differentiation  of  their  el  1 ipsometr ic  data 
varied  very  little  with  surface  treatment  whereas  in  our  EER  results  it 
var i es  a  great  deal . 

The  main  difference  between  EER  and  ASE  is  the  use  of  a  modulating 
electric  field  (for  EER)  as  opposed  to  the  modulation  of  the  light  polar- 
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i2ation(for  ASE)  .  It  was  therefore  logical  to  infer  that  the  discrepan¬ 
cy  between  our  results  and  those  of  Aspnes  et  a1  was  due  at  least  in 
part  to  the  interaction  of  the  EER  modulating  electric  field  with  the 
defects.  In  order  to  investigate  this  posr.ibility  an  extensive  compar¬ 
ative  study  of  defectuous  MCT  surfaces  using  both  EER  and  ASE  has  been 
carried  out.  These  results  show  indeed  that  EER  exhibits  a  linewidth 
which  increases  monotonical ly  with  the  density  of  defects  whereas,  for 
the  same  samples,  the  Third-Derivative  lineshape  obtained  from  ASE  data 
(TDA)  exhibits  a  linewidth  which  hardly  varies.  On  the  other  hand,  the 
interband  transition  energy  and  therefore  the  alloy  composition  is  the 
same  when  measured  by  either  technique. 

Garland  and  Raccah  (discussed  in  8.3  and  8.4)  have  generalized  EER 
theory  of  Aspnes  to  take  into  account  the  effects  of  the  interaction  of 
the  modulating  E  field  with  both  extended  defects  and  point  defects  and 
proposed  a  new  expression  for  for  the  EER  lineshape.  This  treatment 
amounts  primarily  to  introducing,  in  the  usual  formalism,  the  possibili¬ 
ties  of  electrostr iction  and  of  defect  polarization  which  are  usually 
disregarded.  Using  this  new  expression  ,  it  has  become  possible  to 
evaluate  separately  the  relative  contributions  of  long-range  strain  and 
of  defect  polarization  and  to  understand  the  anomalous  linewidth  ob¬ 
served. 

With  the  benefit  of  this  new  development  a  critical  analysis  com¬ 
paring  bulk  single  crystals  to  materials  grown  by  two  variants  of  Liquid 
Phase  Epitaxy  (LPE) ,  Metal  Organic  Chemical  Vapor  Deposition  (MOCVD)  and 
Molecular  Beam  Epitaxy  (MBE)  has  become  possible. 
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8.2  EXPERIMENTAL  EVIDENCE  FOR  GENERALIZED  THEORY 

The  ASE  data  were  taken  with  an  ellipsometer  built  primarily 
according  to  the  more  recent  design  of  Bermudez  (1978) .  The  samples  used 
in  the  comparison  of  EER  lineshapes  to  the  TDA  have  been  primarily  state 
of  the  art  LPE  materials.  A  single  sample  can  then  be  etched  by  steps  as 
small  as  500  A  and,  as  one  proceeds  from  the  top  of  the  layer  to  the 
substrate,  offering  the  opportunity  to  explore  a  wide  variety  of  materi¬ 
als  grown  under  the  same  experimental  conditions. 

In  each  case  first  the  ASE  spectrum  and  then  the  EER  spectrum  were 
taken.  The  <i  and  «2  spectra  were  sufficiently  noise-free  to  compute 
numerically  the  third  derivatives  without  the  benefit  of  noise-averaging 
techniques.  It  was  therefore  relatively  easy  to  generate  the  third-de¬ 
rivative  lineshape  from  the  ASE  data  (TDA).  It  amounts  to  constructing 
a  linear  combination  of  the  third  derivatives  of  and  cj  using  the 
well-known  expressions  for  the  Seraphin  coeff icients (1972) ♦ 

These  results  show  that  for  a  crystal  with  a  low  defect  density  the 
TDL  fits  very  well  both  the  TDA  and  the  EER  spectra  over  a  wide  range  of 
energies.  In  effect,  the  comparison  in  Fig.  (13)  shows  just  such  a  case. 
However,  for  materials  with  a  high  density  of  defects  the  situation  is 
different  in  the  sense  that  the  TDL  continues  to  fit  very  well  the  TDA 
but  when  applied  to  the  EER  spectra  it  meets  with  two  difficulties  well 
known  to  those  who  have  done  such  work. 

The  first  is  that  a  constant  or  even  a  linearly  varying  "back¬ 
ground"  is  required  in  order  to  achieve  a  proper  fit.  The  second  is 
that,  even  under  these  somewhat  artificial  conditions,  the  fit  can  be 
carried  out  adequately  only  over  a  narrow  range  of  energies  around  E j . 
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The  second  limitation  is  easy  to  understand  because  in  the  neighborhood 


of  Ej  the  fit  is  not  very  model  dependent  and  yields  the  correct  crit¬ 
ical  energy  in  spite  of  a  somewhat  inadequate  model.  Consequently,  the 
Ej's  obtained  from  the  EER  and  from  the  TDA  spectra  were  in  agreement 
with  one  another  whereas  the  and  ^j's  were  not. 

A  representative  example  is  given  in  Tab1e(3),  in  which  the  values 
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Table  3.  Values  of  the  energy  ,  the  composition  x  and  the  linewidth 
from  E.  E.  R.  and  A.  S.  E.  as  a  function  of  etch  depth  from  a 
representative  depth  profile.  The  E.  E.  R.  values  were  found 
hy  fitting  to  the  third~derivative  lineshape  of  Aspnes. 
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obtained  for  Ej  and  Fj  from  EER  and  from  ASE  are  compared.  The 
critical  energies  are  in  excellent  agreement  whereas  the  values  of  Fj 
obtained  from  EER  are  about  twice  those  from  ASE.  It  is  this  latter 
fact  that  led  us  to  reconsider  the  accepted  theory  and  to  examine  anew 
the  role  of  the  modulating  electric  field  and  its  possible  interaction 
with  the  defects. 

8.3  GENERALIZED  THEORY 

Within  the  usual  theoretical  treatment  of  low  field  electrore¬ 
flectance,  defect  scattering  is  not  considered  explicitly  and  the  only 
important  effect  of  the  modulating  electric  field  E  is  to  accelerate  the 
optically  excited  conduction  electrons,  giving  them  an  added  energy  of 
the  order  of 

hfij  ■  (e^E^fi^/8Mj) 

where  is  the  reduced  mass  in  the  direction  of  P  for  the  jth  inter¬ 
band  transition  .  This  assumption  leads  immediately  to  the  result  that 
the  modulation  Ac  in  the  dielectric  function  c (P) ,  which  is  caused  by 
the  field  P,  is  linearly  proportional  to  ("Kij)  *  and  to  the  third  de¬ 
rivative  of  c (P)  . 

The  results  elaborated  above  made  it  necessary  to  explicitly  treat 
defect  scattering  aiyj  to  generalize  the  existing  theory  by  including  the 
small  effects  of  the  field  P  on  defect  scattering  and  on  the  interband 
transition  energies  Ej  through  electrostr iction. 
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Surprisingly,  it  is  found  that  shifts  of  as  little  as  0.1  meV  in 
the  Ej  or  in  cr,  which  is  the  spatially  .>veraged  root-mean-square  de¬ 
fect-induced  variation  away  from  the  crystal  potential,  can  substantial¬ 
ly  modify  the  EER  lineshape.  This  remains  true  even  for  values  of  "fiSj 
as  large  as  30  or  even  40  meV  because  the  shift  AEj  and  Aa  enter  the 
theory  in  first  order,  whereas  the  energy  shift  enters  only  in 
third  order,  being  explicitly  associated  with  the  breaking  of  transla¬ 
tional  symmetry.  As  a  result,  the  contribution  of  these  shifts  to  Ae 
scale  as  AEj/Fj,  Acr’/Fj*  s  2ctAc7/F*  and  ("f^/Fj)*,  respectively. 

The  phenomenological  broadening  parameter  Fj  is  approximately  the 
inverse  of  the  lifetime  of  the  optically  excited  electron  and  is  of  the 
order  of  100  meV  for  the  Ei  and  Ei  +  Ai  transitions  which  were  studied. 
The  shift  AEj  gives  a  contribution  to  A«  which  is  proportional  to  the 
first  derivative  of  « (E)  and  Aa*  gives  one  proprotional  to  the  second 
der i vat i ve  of  «  (E) . 

In  our  generalization  of  the  Aspnes'  original  theory  the  effect  of 
defect  scattering  has  been  introduced  exactly  as  he  did  in  a  later  pa¬ 
per,  following  the  work  of  Lukes  and  Somaratna  (197P) »  who  first  intro¬ 
duced  the  quantity  o’.  Otherwise  it  followed  exactly  the  original  paper 
approach,  except  that  the  terms  proportional  to  the  small  shift  AEj 
and  Ao  were  not  neglected.  In  particular,  to  obtain  the  generalized  re¬ 
sult  the  same  low  field  expansions  as  Aspnes  did  were  made 

At.  .  CojE'2[(fifi)3ci3/dE3  +  e/Vr^d^/dE^  -  3AE  jd/dE]  E^t  (E) 


(68) 
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for  the  contribution  of  the  interband  transition  to  A«,  where  Coj  is 
a  constant.  Still  following  the  original  treatment  and  making  a  para¬ 
bolic  band  approximation,  it  is  found  that  for  the  three-dimensional 
critical  points  Ei  and  Ei  +  Ai ,  the  Generalized  EER  Lineshape  (GEL)  is 

L(E)  -  Cj[(fiflj)3L(E,5/2)  -  l*Aa2L(E.3/2)  -  i*AEj  L  (E .  1/2)  ]  .  (69) 


where 


L(E,n/2)  -  cos(0j  -  n^j/2)/[(E  -  Ej)  2  +  rjjn/'*  -  l^. 


wi  th 


<<)j  -  Tan'^  [Fj/ (E  -  Ej)]  . 

Here,  Cj  and  have  a  weak  dependence  on  energy,  which  is  easily 
taken  into  account  by  introducing  the  Seraphin  coefficients.  That  ener¬ 
gy  dependence  is,  however,  usually  ignored  because  the  evaluation  of  the 
Seraphin  coefficients  requires  an  independent  knowledge  of  the  real  and 
imaginary  parts  of  the  dielectric  function  and  because  neglecting  it 
only  affects  the  determination  of  the  parameter  6j  leaving  Ej  and 
Fj  essentially  unaffected. 

It  is  apparent  that  the  GEL  reduces  to  the  conventional  TDL  upon 
setting  AEj  and  Acj*  equal  to  zero,  with  Ls  being  proportional  to  the 
TDL.  For  n  “  1  and  n  »  3*  Lp  is  proportional  to  the  first  and  second 
derivatives,  respectively,  of  the  same  linear  combination  of  ci  and  C2 


79 


as  occur  in  the  TDL.  It  is  clear  that  L3  and  Li  have  qualitatively  dif¬ 
ferent  shapes  from  the  TDL  and  from  one  another. 

8.i*  DISCUSSION 

The  new  lineshape  expression  has  been  applied  to  more  than  100 
spectra  and  compared  in  each  case  to  the  TDL.  In  all  cases  the  parame¬ 
ters  for  both  interband  transitions  have  been  refined  simultaneously  and 
the  GEL  fits  carried  out  over  the  entire  experimental  energy  range.  The 
results  have  been  very  consistent  and  the  TDL,  even  with  the  additional 
ad  hoc  "background",  could  rarely  be  fit  to  the  data  over  the  entire  ex¬ 
perimental  range.  This  is  because  an  inadequate  expression  can  only  be 
used  in  the  immediate  vicinity  of  one  Ej  as  explained  above.  The  less 
defectuous  materials,  however,  offered  more  favorable  cases  and  it  was 
sometimes  possible  to  perform  a  fit  over  the  entire  energy  range,  thus 
permitting  a  very  fair  comparison  with  the  GEL.  Such  a  case  is  shown  In 
Fig.  (U)  . 


Experimental  Points 
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Fig.(11*a)  shows  that  of  the  TDL  fit  while  Fig.(11»b)  shows  that  of  the 
GEL  fit.  It  is  quite  clear  that  the  TDL  fit  is  much  poorer  than  the 
GEL.  Not  only  is  the  GEL  lineshape  phenomenologically  superior  to  the 
TDL  but  it  is  also  physically  more  meaningful.  This  treatment  is  iden¬ 
tical  to  the  original  treatment  of  Aspnes'  except  that  terms  which  could 
not  legitimately  be  neglected  in  the  case  of  defectuous  semiconductor 
were  kept.  Moreover,  it  has  already  been  pointed  out  by  Rehn(1970)  that 
in  materials  without  inversion  symmetry,  as  is  the  case  here,  the  pie¬ 
zoelectric  effect  does  cause  an  additional  signal  to  be  added  to  the 
regular  EER  spectra.  He  was  able  to  separate  out  that  signal  and  found 
it  to  have  the  proper  polarization  behavior.  It  can  be  said  here  that 
the  GEL  fits  that  signal  well. 

Consistently,  it  is  found  that  in  regions  where  high  strain  was  ex¬ 
pected,  for  example  near  the  substrate  epi layer  interface,  the  AEi  term 
became  large.  On  the  other  hand,  in  samples  for  which  were  known,  from 
SIMS  and  transport  data,  that  there  was  a  high  level  of  polarizable  im¬ 
purities,  the  became  large.  The  interpretation  is  therefore  rather 
straightforward,  and  it  was  possible  to  separate  out  the  effects  of 
plasticity  and  long-range  strains,  which  contribute  strongly  to  AE j , 
from  the  density  of  polarizable  defects,  which  contribute  primarily  to 
Aa* . 

Using  the  GEL  it  has  been  possible  to  study  not  only  the  composi¬ 
tional  uniformity  of  materials,  as  was  done  already  with  the  TDL,  but 
also  the  nature  and  density  of  their  defects.  The  results  obtained  on 
more  than  100  samples  are  summarized  in  Table(l«).  In  it  comparison  of 
materials  grown  by  different  techniques  to  state  of  the  art  bulk  single 
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crystals  was  made.  The  techniques  are  LPE  using  regular  CdTe  substrate 
or  Zn-doped  CdTe  substrate,  Heta)  Organic  Chemical  Vapor  Deposition 
(MOCVD)  and  Molecular  Beam  Epitaxy  (MBE) .  The  parameters  compared  are 
the  sharpness  S  of  the  substrate/epi layer  interface,  as  measured  by  the 
extent  in  microns  of  the  compositional  variation  at  the  interface,  the 
linewidth  Fi,  the  Stark  shift  AEi,  the  density  of  polarizable  defects 
Aa*  and  the  growth  temperatures. 

It  is  clear  that,  for  all  types  of  epi layers,  the  quality  of  the 
material  improves  greatly  when  the  growth  temperature  is  lowered.  The 
most  spectacular  results  are  obtained  for  the  MBE  materials  which  are 
barely  distinguishable  from  the  bulk.  No  less  remarkable  are  the  MOCVD 
materials  which  have  come  to  a  comparable  level  of  quality. 


EXTENT  OF  THE  INTERFACE  REGION 
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Chapter  tX 

MIGRATION  OF  HG  IN  MCT  BY  STRESS 

9. 1  INTRODUCTION 

The  treatment  of  Hg^ .j^Cdj^Te (MCT)  surfaces  is  delicate  be¬ 
cause  of  the  intrinsic  fragility  of  the  material  itself.  By  coupling 
photoemission  with  EER  studies  it  is  possible  to  analyze  the  response  of 
MCT  to  mechanical  shock,  and  conclude  that  under  the  stress,  mercury 
tends  to  migrate,  at  least  in  part,  via  charged  defects  conferring  an  n 
character  to  the  material. 

In  the  photoemission  experiments,  the  surface  Fermi  level  position 
was  measured  for  <II0>  faces  of  MCT  prepared  by  cleaving  in  vacuum.  In 
addition,  the  composition  of  the  surface  region  was  monitored  for  ex¬ 
tended  periods  after  cleaving  for  comparison  to  surfaces  prepared  in 
vacuum  in  another  way.  A  cleavage  surface  was  investigated  by  EER  for 
both  the  cleavage  face  and  the  side  of  the  crystal,  which  had  been  pre¬ 
pared  by  cutting,  mechanical  polishing  and  etching  prior  to  cleaving. 
The  objective  in  comparing  the  cleaved  and  polished  surface  as  well  as 
the  vacuum  prepared  surfaces  is  to  begin  to  gain  insight  into  the  criti¬ 
cal  problem  of  "damage"  in  MCT  and  its  surface.  Such  knowledge  is  es¬ 
sential  to  economic  utilization  of  the  unique  properties  of  MCT  in  in¬ 
frared  imaging  and  other  possible  electronic  system. 

Three  sets  of  EER  expriments  on  the  E]  interband  transition  of  a 
cleaved  MCT  crystal  have  been  conducted.  It  has  been  known  that  the  EER 
line  shape  L (E)  can  be  represented  by  the  expression 
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(70) 


L(E)  -  Re[Ce'®(E  -  Eg  +  iF)"". 

where  the  magnitude  C  and  the  phase  6  are  parameters  which  vary  very 
little  with  the  incident  light  energy  E  and  are  usually  considered  con¬ 
stant  in  the  fit  of  EER  line  shapes. 

The  interband  transition  energy  Eg  and  broadening  parameter  are 
the  two  other  parameters  to  fit.  The  exponent  n  is  determined  by  the 
symmetry  of  the  critical  point  in  the  Brillouin  zone.  The  exponent  fit¬ 
ting  best  for  all  MCT  results  was  found  to  be  n  >  2.5  which  corresponds 
to  a  tridimensional  point.  This  is  expected  for  the  E^  interband 
transition  in  most  ll-VI  and  lll-V  semiconductors. 

The  first  set  of  experiments  was  carried  out  on  a  cleaved  surface 
(-k  X  h  mm).  Many  spectra  were  taken  at  various  points  on  the  surface 

with  a  well  focused  beam  and  the  lineshape  was  fully  analyzed.  The  re¬ 
sults  were  very  consistent,  indicating  a  good  uniformity  of  properties 
for  the  overall  sample.  The  average  values  of  the  parameters  are  given, 
in  the  first  line  of  the  Table(5),  with  their  standard  deviations.  The 
alloy  composition  x  was  determined  us.ng  the  relationship  E^  vs  x 
which  was  established. 

The  second  set  of  expriments  was  carried  out  exactly  in  the  same 
manner  and  within  the  same  area.  The  only  difference  was  the  removal  of 
2  M  of  material  by  the  etching.  The  purpose  of  etch  was  to  remove  the 
cleavage  damage.  After  anodization,  carried  out  so  as  to  form  an  oxide 
layer  I50  A  thick,  the  results  were  very  consistent.  They  are  listed 
in  the  second  line  of  Table(5)  with  their  standard  deviations. 
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Finally,  since  the  sample  was  essentially  a  cube  4x4  x  4  mm  i t 
was  possible  to  carry  out  a  third  set  of  experiments  on  a  side  face  of 
the  sample  which  had  been  normally  prepared  by  cutting,  polishing  and 
etching.  Here  this  surface  is  used  to  check  the  uniformity  in  depth  as 
well  as  laterally  through  repeated  jet-etching/anodization  steps  of  the 
type  used  to  remove  the  cleavage  damage.  Again,  the  results  were  very 
consistent  and  are  summarized  in  the  third  line  of  Table  (5) > 


TABLE  5 


Summary  of  results  obtained  by  fitting  the  EER  lineshapes  in  three  cases. 
First  in  the  case  of  the  cleaved  <  110  >  face  before  damage  removal, 
second  in  the  case  of  the  cleaved  <  110  >  face  after  damage  removal 
and  third  in  the  case  of  a  polished  side  surface  of  the  same  sample. 

Results  6  ^1  ^  _ X _  r  in  eV 

Before  damage  0.5±0.2  2.314±.004  .220±.004  .111+0.005 

removal 

After  damage  0.2±0.2  2.289±.004  .188±.004  .084±0.005  p 

removal 

From  the  2.2±0,2  2.284±.004  .181±.004  .167+0.005  p,n 

polished  side 


Type 

n 


surface 
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Representative  runs  from  the  first  two  sets  of  experiments  are 
shown  in  Fig.  (15) •  As  can  be  seen,  the  lineshapes  are  inverted  one  with 
respect  to  the  other.  Since  it  has  already  been  derived  that,  in  the 
low  field  limit,  the  EER  signal  is  given  by 

/2«/R  -  qNV„L  (E)  ,  (71) 

where  q  is  the  sign  of  the  minority  carriers,  N  the  carrier  concentra¬ 
tion,  the  modulation  voltage  and  L (E)  the  EER  lineshape.  This  re¬ 
sult  clearly  shows  that  the  surface  of  the  cleavage  fracture  inverted 
and  has  an  n  character  consistent  with  the  photoemission  results. 


•  •  •  Experiment 
-  Fitted  curve 
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As  can  be  seen  in  Table  (5)  the  surface  inversion  observed  after  cleav¬ 
age  is  associated  with  a  high  x  value  (  -  .22)  when  compared  with  the 
value  measured  after  removal  of  the  cleavage  damage  (  "  .188)  or  on  the 
side  surface,  whether  jet-etched  or  not  (  ~  .l8l).  The  difference  is 
well  outside  experimental  error  and  indicates  mercury  impoverishment  of 
the  stressed  volume.  It  is  probable  that  mercury  has  actually  migrated 
under  the  stress  and  diffused  out  of  the  surface.  These  results  suggest 
that  mercury  diffusion  occurs,  at  least  partially,  via  charged  defects 
conferring  an  n  character  to  the  material. 

9.2  BROADENING  PARAMETER 

The  broadening  parameter  F  is  primarily  affected  by  lattice 
defects  such  as  disorder,  vacancies,  dislocation  etc.  and  with  a  soft 
material  like  MCT  reflects  very  sensitively  the  response  of  the  surface 
to  treatment.  A  surface  developed  by  cleavage  exhibits  a  value  of  F  o' 
.111  eV  while  a  surface  developed  by  cutting,  polishing,  and  etching 
still  exhibits  treatment  damage  as  shown  by  the  large  value  ot  F  o.  .167 
eV.  After  removal  of  the  cleavage  damage  F  is  order  of  .084eV  a  value 
not  too  different  from  that  determined  for  defect-free  GaAs  surface (F  o. 
.060eV) . 

Repeated  jet-etching/anodization  steps  of  the  side  surface  to  a 
depth  of  O'  17  M  (third  set  of  experiments)  however,  failed  to  remove  en¬ 
tirely  the  damage  generated  by  the  chemomechani cal  polish  and  while 
there  was  some  decrease  of  F  its  value  (  ^  .142  eV)  remained  much  higher 
than  0.084eV.  In  other  words,  conventional  surface  preparation  of  MCT 
seems  to  generate  very  deep  damage  which  clearly  affects  electronic 
properties  and  is  not  easily  removed. 
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Another  interesting  feature  of  the  third  set  of  experiment  is  the 
value  of  9.  The  phase  angle  0  is  a  quantity  related  primarily  to  the 
strength  of  the  electron-hole  interaction  and  to  the  order  of  the  criti¬ 
cal  point  in  the  Brillouin  2one  contributing  to  the  interband  tran¬ 
sition.  The  value  of  6  yielded  by  the  results  obtained  on  the  conven¬ 
tionally  prepared  side  surface  is  0  ~  2.2;  this  value  is  quite 
consistent  with  the  results  obtained  with  multitude  of  samples  of  dif¬ 
ferent  origins  similarly  prepared.  However,  it  is  very  different  from 
the  value  of  .2  obtained  from  the  cleaved  surface. 

9.3  DISCUSSION 

The  effects  of  cleavage  in  UHV  is  especially  noteworthy.  The 
region  within  2  fx  or  less  of  the  surface  is  transformed  to  n  type  and 
has  a  higher  Cd  content  when  compared  with  the  polished  surface.  The 
"pulsed"  mechanical  shock  of  the  cleave  results  in  electrically  active 
defect  (possibly  Hg  interstitials)  and  may  produce  a  loss  of  Hg  from  the 
surface  region.  Relaxation  of  the  lattice  following  the  momentary 
cleavage  shock  is  sufficient  to  yield  a  high  degree  of  perfection,  as 
indicated  by  the  low  value  of  F  and  lack  of  subsequent  Hg  out  diffusion. 
The  region  2  ix  below  the  surface  is  surprisingly  perfect  (T  ■  .081*  1 
0.005  eV)  and  has  a  higher  a  Hg  content. 

In  contrast  to  the  cleaved  surfaces  are  those  produced  by  polishing 
the  same  crystal.  Here,  no  uniform  type  conversion  takes  place  and  a 
larger  Hg  content  is  observed  in  near  surface  region  of  the  cleaved 
crystal.  Rather,  the  0  value  suggests  that  both  n  and  p  regions  coexist 
with  different  defect  densities.  Thus,  there  may  be  a  large  degree  of 
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local  damage  and  nonuniformity.  This  is  also  reflected  by  the  large 
value  of  r(0.l67  eV) .  It  is  important  to  note  the  linewidth  is  still 
larger  (0.1142  eV)  after  17  M  of  MCT  has  been  etched  away. 
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Chapter  X 
SUMMARY 

For  characterization  of  semiconductors  we  can  discuss  two  cat- 
egories.  One  is  the  uniformity  of  alloys  inwardly  as  well  as  laterally. 
The  other  aspect  is  the  nature  of  defects  which  are  not  desirable  but 
cannot  be  avoided  in  the  crystal  growth  processes.  In  the  latter  case 
we  want  to  know  that  what  kinds  of  defects  and  how  many  of  them  are 
present  in  the  semiconductors. 

Therefore  my  first  job  was  to  get  best  values  of  constants  in  Eq.(67) 
so  that  better  values  of  composition  of  alloys  can  be  obtained.  The 
task  was  accomplished  by  using  end  members  of  MCT  and  x  ■  .5  MCT  to  cal¬ 
ibrate  a,  b,  c  for  many  samples  and  developing  full  lineshape  fitting 
for  better  Ei  values  to  boost  reliability. 

After  using  the  established  characterization  procedures  we  can  deter¬ 
mine  the  qualities  of  bulk  and  LPE  MCT  samples (discussed  in  chapter  7  in 
detail).  So  we  can  tell  which  growth  techniques,  which  growth  condi¬ 
tions,  which  substrate  polishing  techniques  are  best  to  make  good  quali¬ 
ty  MCT  alloys. 

Second  task  was  to  probe  defects  by  analyzing  F  values  which  indicate 
quantities  of  defects.  A  systematic  study  of  lineshapes  obtained  by  EER 
and  by  ASE  on  samples  of  MCT  with  varying  densities  of  defects  has  been 
carried  out.  The  results  show  that  the  two  techniques  yield  in  all  cas- 


es  the  same  values  for  interband  transition  energies  E j .  Since  the 
values  of  the  Ej  are  quantitatively  related  to  the  alloy  composition 
X,  it  is  clear  that  both  EER  and  ASE  can  be  used  to  carry  out  studies  of 
the  alloy  composition. 

On  the  other  hand  the  values  of  the  linewidths  Tj  yielded  by  the 
two  techniques  often  do  not  agree.  In  those  cases  in  which  the  etch  pit 
density  is  less  than  10*/cm*,  the  values  agree  approximately:  otherwise, 
EER  yields  much  larger  values.  The  difference  between  the  two  techni¬ 
ques  is,  of  course,  the  use  of  an  electric  field  modulated  at  very  low 
frequencies  (in  EER).  It  was  shown  that  the  modulating  electric  field 
causes  an  electrostr iction  and  polarization  of  the  defects  in  HCT. 
These  effects,  which  have  not  been  taken  into  account  in  previous  theo¬ 
ries  of  electroreflectance,  are  shown  to  give  rise  to  first-  and  second- 
derivative  lineshapes  proportional  to  Stark  shifts  AEj  and  to  a  shift 
Ao*  related  to  the  overall  defect  scattering  strength,  repectively. 
These  new  lineshapes  dominate  the  usual  third-derivative  lineshape  for 
defective  materials. 

A  simple  interpretation  of  the  experimental  results  suggests  that  the 
relative  Stark  shifts  AEj  are'  associated  with  plasticity,  long-range 
strains  and  extended  defects,  and  that  the  shift  Ao*  arises  from  polari¬ 
zable  charged  defects.  All  of  these  new  values  are  used  to  enlarge  the 
comparison  of  growth  techniques.  These  results  indicate  that  those 
techniques  with  lowest  growth  temperatures  yield  the  best  materials. 

Using  new  parameters  introduced  in  a  modified  theory  we  can  tell  the 
relative  size  of  different  kinds  of  defects  but  still  cannot  tell  the 
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absolute  size  of  each  category  of  defects.  More  work  is  necessary  for 
this  goal . 
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